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Abstract

Gastrointestinal disorders manifest through disruptions in gastrointestinal functionality accompanied
by dysbiosis within the microbiome. Probiotics are considered biological agents with potential therapeutic
efficacy in managing gastrointestinal pathologies by modulating the qut microbiota. Nevertheless, several
hurdles, such as safety considerations, resilience to stressors, post-colonization quantifications, and evalua-
tive modalities, may impede the adoption of probiotics for gastrointestinal disorders. Herein, we performed
online research using 6 databases: Scopus, ScienceDirect, PubMed, Web of Science, Cochrane Library, and
Ovid. Inclusion criteria were mostly articles published in the years 2015-2024, concerning the association
between probiotics and gastrointestinal diseases. This review aimed to provide comprehensive data regarding
the latest studies in this area. Additionally, this review delineates the various aspects of probiotic use, includ-
ing both the positive and negative aspects, as well as the role of probiotics in immune system modulation
and the prevention of various diseases. Also, we comprehensively discuss the prophylactic and supportive
therapeutic role of probiotics in the management of COVID-19. Given the extensive adoption of probiotic
formulations as microecological interventions for gastrointestinal disorders, a comprehensive understand-
ing of the challenges inherent in their application and the implementation of contemporary methodologies
to enhance probiotic colonization and evaluation systems are paramount for harnessing probiotics as viable
biotherapeutic agents. However, there is a need for additional studies to confirm the potential role of probiotics
as a suitable target in the treatment of gastrointestinal diseases.
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Introduction

Probiotics, originating from the Greek term signify-
ing “for life”, are defined by the Food and Agricultural
Organization (FAO) and the World Health Organization
(WHO) as “living microorganisms that, when adminis-
tered in adequate quantities, confer a health advantage
to the host”.! A substantial body of evidence from hu-
man observational studies and animal models strongly
suggests the involvement of gut microbiota in various
chronic human conditions, including gastrointestinal (GI)
disorders, cancers, and diseases characterized by inflam-
matory, metabolic, cardiovascular, autoimmune, neuro-
logical, and psychiatric components, hinting at a potential
pathogenic correlation.> Given that the GI tract har-
bors most microbial cells in the human body, numbering
in trillions, alterations in gut flora have emerged as a key
mechanism in specific GI disorders.** Probiotics are piv-
otal in providing substantial support against the incidence
of GI diseases, such as inflammatory bowel diseases (IBD),
irritable bowel syndrome (IBS), acute infectious diarrhea,
antibiotic-associated diarrhea (A AD), necrotizing entero-
colitis (NEC), etc. As research progressed, a paradigm
emphasizing bacteria emerged, prompting a reassessment
of treatment strategies for GI diseases.® Probiotic micro-
organisms operate through diverse mechanisms, includ-
ing immune reaction modulation, production of organic
acids and antimicrobial agents, interaction with existing
microbiota, engagement with the host, fortification of gut
barrier integrity, and enzyme generation.”® This review
delineates the positive and negative impacts of probiotics,
their mechanisms of effect, and their influence on various
GI conditions.

Objectives

The objective of this review was to substantiate the hy-
pothesis of using probiotics as an intervention for GI dis-
eases while providing an exhaustive compilation of con-
temporary research endeavors in this field.

Materials and methods

The review encompassed the utilization of 6 online
databases, namely Scopus, ScienceDirect, PubMed, Web
of Science, Cochrane Library, and Ovid. Most of the se-
lected articles were published between 2015 and 2024, and
focus on the role of probiotics in the prevention and treat-
ment of GI diseases, along with their impact on the quality
of life of patients. Original research articles were mostly
included, resulting in the incorporation of 24 articles
meeting the stipulated inclusion criteria. The data were
independently cross-verified by 2 authors. The selection
procedure involved the elimination of duplicate entries
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and subsequent screening based on the title, abstract
and full-text review, adhering to the guidelines. Further-
more, an extensive examination of the references cited
in the retrieved articles and meta-analyses was conducted
to identify additional relevant studies not initially captured
in the primary search. The detailed selection process is de-
lineated in Fig. 1.

Results

Regarding the preventative role of probiotics in GI dis-
eases, they exert multifaceted effects. Probiotics demon-
strate potential in inhibiting the adhesion of pathogenic
bacteria, enhancing barrier functions and interacting with
toll-like receptors (TLRs) present on intestinal epithelial
cells and dendritic cells (DCs), thereby eliciting cytokines/
chemokines to modulate T cell responses. Furthermore,
probiotics generate bioactive metabolites that impact
the nervous system, consequently influencing gut motil-
ity, reducing pain and participating in gut—brain interac-
tions. Notably, probiotics possess the capability to ferment
specific types of fiber, leading to increased production
of short-chain fatty acids (SCFAs) like propionate, ace-
tic acid and butyrate. Of particular significance, butyrate
serves as a pivotal inflammatory modulator, exhibiting
anti-inflammatory effects on intestinal epithelial cells,
macrophages and leukocytes. Originating from the co-
lonic lumen, butyrate serves as the primary energy source
for colonocytes, thereby contributing to the maintenance
of the epithelial barrier.” Additionally, butyrate intervenes
in inflammatory signaling pathways, regulating cytokine
production, inhibiting histone deacetylase activity to mod-
ulate the expression of proinflammatory genes, and pro-
moting the differentiation and expansion of regulatory
T cells (Tregs). Noteworthy research findings indicate that
treatment with a probiotic strain of Lactobacillus reduces
inflammation and enhances organ survival in specific
pathogen-free (SPF) mice. Moreover, probiotic mixtures
have been shown to elevate mucin protein secretion and
gene expression in the colons of rat.!

Definition of probiotics

Probiotics encompass microorganisms, primarily
bacteria resembling the beneficial flora naturally found
in the human intestinal tract.!! When provided in suf-
ficient quantities, they bestow a health advantage upon
the host.!2 Nevertheless, deceased bacteria and their con-
stituents may also demonstrate probiotic characteristics.!®
They are obtainable without a prescription as over-the-
counter (OTC) remedies or through prescribed means,
and are accessible in diverse formulations such as capsules,
packets or dietary supplements. While many probiotics
do not require a prescription, individuals with prescrip-
tion drug coverage might find an advantage, as probiotics
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could be covered under their plan. Extensive research has
been conducted on probiotics for various GI disorders,
with 1 in 5 Americans using probiotics to address diges-
tive issues. Among the extensively studied probiotics used
in humans, the prominent strains include Lactobacillus,
Bifidobacterium and Saccharomyces species.!! Moreover,
these bacteria, particularly Lactobacillus, are commonly
found in nature. Lactobacillus, Bifidobacteria, Lactococ-
cus, and yeasts fall within the category of organisms con-
sidered “generally recognized as safe.” Nonetheless, there
have been a few reported infections, primarily among im-
munocompromised patients. It is crucial to note that not
all probiotics used fall under this safe category. The effec-
tiveness and safety of probiotics need to be scientifically
validated, as emphasized in recent research. Certain evi-
dence indicates that probiotics might enhance the integrity
of the gut mucosal defense action, especially by influencing
intestinal epithelial cells and macrophages.!* Probiotics
like Bifidobacteria or Lactobacillus have beneficial effects
against influenza virus infections of the respiratory tract.
Probiotics have a therapeutic effect on managing coronavi-
rus disease-19 (COVID-19) by regulating the gut-lung axis
and mucosal immune system, which can potentially have
antiviral mechanisms. An adequate number of probiotics
can stimulate host innate and adaptive immunities. Inter-
estingly, intestinal bacteria can also have beneficial effects
by modulating the vitamin D axis. By doing so, probiotics
can protect the mucosal barrier and suppress gut mucosal
inflammation.!>1¢

Fig. 1. Study selection process

Mechanisms of probiotic actions

The primary function of probiotics lies in their bar-
rier effect, which is intricately linked to the regulation
of the host microbiota. This effect establishes a defiance
to colonization by impeding or hindering the presence
of pathogenic bacteria. The hindrance impact operates
through various mechanisms, including the obstruction
of bacterial attachments and the rivalry for attachment
locations. Additionally, probiotics operate as secondary
agents by improving the protective capability of the intes-
tinal lining, which relies on the tight connections between
intestinal epithelial cells. They also contribute to this func-
tion by producing mucus containing antimicrobial pep-
tides like defensins and lysozyme, as well as Paneth cells.
This mucus layer acts as a shield, averting direct contact
between the digestive channel and bacteria. Probiotics
operate through a third mechanism, exerting an influ-
ence on the immune system. It is crucial to emphasize that
over 70% of immune cells reside within the gut-associated
lymphoid tissues, which are predominantly concentrated
in the small intestine. Certain probiotic bacteria, notably
lactobacilli, can induce either localized or systemic ef-
fects depending on their cytokine profile. It is imperative
to thoroughly comprehend the mechanisms through which
probiotics operate. Moreover, the properties of probiotic
strains must remain unchanged throughout the produc-
tion process and storage period before their use, ensuring
the absence of any factors that may cause diseases.'”
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Each probiotic strain exerts a distinct effect, making
it imperative to conduct individual assessments to deter-
mine their specific health benefits. The efficacy remains
unproven because of the limitations of existing studies,
such as their low quality, variations in microbiota, reac-
tions to attempts at adjustment, and the diverse range
of probiotic strains employed.!®

Risk theories of probiotics usage

Numerous risk theories revolve around probiotics use.
One concern involves the possibility that probiotics cause
infections via translocation. Certain strains have shown
the ability to either decrease or increase the movement
of gut bacteria, thereby influencing this process. In ad-
dition, probiotics might produce poisonous compounds
such as D-lactate during bacterial fermentation that can
be a potential risk factor, leading to lactic acidosis. In cases
of children with short bowel syndrome, administration
of lactobacilli-rich microbiota or specific Lactobacillus pro-
biotic strains has been linked to acidosis, leading to either
encephalopathy or hyperventilation. Nevertheless, there
have been no reported cases of lactic acidosis in healthy
children. Yet another notable risk involves the exchange
of antibiotic-resistance genes between typical host bac-
teria and probiotic strains residing in the digestive tract.
This gene transfer can occur within the gut microbiota,
potentially increasing bacterial diversity in the area. Probi-
otic strains can serve as vectors for these resistance genes,
acting as either an offeror or applicant. It is recommended
to select probiotic strains that do not possess acquired and
potentially transferable resistance genes. Concerns arise
when using probiotic strains from species that naturally
carry virulence and antibiotic resistance traits, such as En-
terococci or Escherichia coli. Genomic analyses of probi-
otic enterococci strains indicating the absence of virulence
factors can alleviate this concern.”

Challenges of probiotic application
in the treatment of gastrointestinal
diseases

Although probiotics demonstrate considerable poten-
tial for the treatment of GI disorders, their implementa-
tion is constrained by a number of challenges.” First, for
probiotics to be deemed safe for human consumption,
they must lack transferable antibiotic-resistant genes.?°
Consequently, the use of engineered probiotics in disease
management is often restricted. Second, a minimum vi-
able count of approx. 10° colony-forming units per gram
(CFU/g) is necessary for probiotics to exert their beneficial
effects.?! However, widely used probiotics such as Lactoba-
cillus and Bifidobacterium are highly vulnerable to aerobic
and high-temperature conditions. The next generation
of probiotics requires an environment conducive to their
viability and robustness to endure the acidic stomach and
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bile environment during their transit through the GI tract.
Even upon successful passage to the colon without dam-
age, probiotics must adhere to the mucosal layer and es-
tablish effective colonization to be efficacious. Thus, for-
mulating probiotics for targeted delivery to the intestines
poses significant challenges. Bacteriocins serve as versa-
tile agents, functioning as “colonizing peptides”, “killing
peptides” and “signal peptides”, augmenting the colonizing
potential of the producing strain in the gut and providing
it a competitive edge over other strains. In addition, un-
resolved issues persist regarding probiotic quantification,
encompassing on-site localization and dynamic monitor-
ing.?> Moreover, the gut microbiota substantially influ-
ences the development and functioning of the immune
system, among other physiological processes. The symbi-
otic relationship between the gut microbiota and the host
organism offers numerous mutual benefits, as the micro-
biota within the host organism performs crucial functions
(Fig. 2).

Positive aspects of probiotics usage

Metabolism, the barrier effect and trophic functions,
recognized as pivotal aspects of intestinal physiology,
constitute the primary roles of the microbiota.!® Dys-
biosis, denoting bacterial imbalance, can lead to various
diseases. It is widely known that the introduction of live
bacteria (probiotics) or indigestible substrates (prebiotics)
leads to a positive response from the microbiota, help-
ing to prevent and even treat specific diseases. Presently,
there is a widespread acknowledgment of the substantial
impact of intestinal microbiota on human health, and pro-
biotic interventions are recognized as a means to modulate
this influence.'” According to the guidelines established
by the WHO and the FAO, a bacterial strain can be classi-
fied as a probiotic only if it effectively reaches the targeted
site in the body and withstands physiological stressors such
as the acidic environment, varying pH levels in the stom-
ach and intestines, and bile salts. Furthermore, a probi-
otic should demonstrate established beneficial effects
on the host, be devoid of risks, and maintain its properties
during both production and storage. Probiotic microor-
ganisms can originate from diverse genera and species,??
including yeasts like Saccharomyces cerevisiae and bac-
teria such as Lactobacillus, Streptococcus, Enterococcus,
Bifidobacterium, Propionibacterium, Bacillus, and E. coli.
These probiotics can either naturally exist in commonly
consumed foods or be genetically modified for specific
purposes. Notably, strains from the Enterococcus genus
carry a heightened risk potential compared to other pro-
biotics; although infrequent, they may cause systemic in-
fections and antibiotic resistance in the host. Probiotic
products may contain either a single strain or multiple
strains.?* The advantages of a probiotic formulation vary
based on the specific patient demographic. Studies with
limited scope have indicated heightened effectiveness
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when utilizing probiotics sourced from diverse ethnic
backgrounds. To regulate the consideration of probiotics
in food, the WHO and the FAO have jointly established
comprehensive guidelines. These FAO/WHO guidelines
serve as the global standard for probiotic assessment.
The prescribed instructions under this directive encom-
pass the following criteria: probiotics offer several key ad-
vantages, including safeguarding against GI pathogens,
enhancing immune function, reducing serum cholesterol
and blood pressure levels, exhibiting anti-carcinogenic
properties, and enhancing nutrient utilization and bio-
availability.?> These benefits are achieved through diverse
mechanisms, including a decrease in intestinal pH, inhibi-
tion of pathogenic organism colonization and invasion, and
modulation of the host immune response.?®

Probiotics’ role in immune system
modulation

The gut microbiota plays a pivotal role in immune
system regulation through the production of molecules
possessing immunomodulatory and anti-inflammatory
properties. These effects result from the interactions be-
tween probiotic bacteria and various cell types, includ-
ing epithelial cells, DCs, monocytes/macrophages, and
lymphocytes, thereby initiating and stimulating immune
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Fig. 2. The relationship between
the gut microbiota and the host
organism is advantageous

cell activity.?” Probiotics fundamentally contribute to regu-
lating the host immune response, which is categorized
into innate and adaptive systems. The adaptive response
involves the specific binding of B and T lymphocytes
to antigens, while the innate system recognizes common
structures known as pathogen-associated molecular pat-
terns (PAMPs) shared by numerous pathogens. Pattern
recognition receptors (PRRs) bind to PAMPs, triggering
an initial response to pathogens. These PRRs encompass
a diverse array of molecules, including transmembrane
proteins like TLRs, found in various immune and non-
immune cells such as B cells, natural killer cells, DCs,
macrophages, fibroblast cells, epithelial cells, and endo-
thelial cells. Additionally, PRRs encompass nucleotide-
binding oligomerization domain-like receptors (NODLRs)
that safeguard the cytoplasmic space. Other recognized
PRRs include C-type lectin receptors, formylated peptide
receptors, retinoic acid-inducible helicases, and intracel-
lular IL-1-converting enzyme protease-activating factor.?®
Notably, the finely tuned regulation of the T cell subset,
which is crucial for maintaining immune balance, is in-
fluenced by both the host and interacting microbes. Im-
balances between effector T-helper (Th) cells and Tregs
can compromise immune responses. Probiotics aid in pre-
serving intestinal equilibrium by modulating the immune
response and promoting Treg proliferation.!3
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Prebiotics

Prebiotics possess distinctive attributes: First, they
resist enzymatic breakdown in the human gut and are
specifically metabolized by certain genera/species of resi-
dent gut microbiota. This targeted breakdown leads
to an increase in particular bacteria, providing health
advantages to the host. These benefits encompass vari-
ous effects, such as immune modulation characterized
by elevated levels of intestinal-specific immunoglobulins
and immunoregulatory interleukins, alongside a decrease
in proinflammatory interleukins. In addition, prebiotics
induce the production of SCFAs like acetate, propionate,
butyrate, and lactate, thereby reducing the gut’s pH level.
This pH adjustment is crucial to preventing the coloni-
zation of acid-sensitive enteric pathogens. Notably, ac-
etate production contributes to the synthesis of butyrate
through cross-feeding, acting as a fundamental element
for colonocyte function and enhancing epithelial integ-
rity.2>30 Although dietary fiber found in fruits and veg-
etables is generally indigestible, not all varieties exhibit
prebiotic effects. Certain vegetables like leeks, aspara-
gus, chicory, garlic, and artichoke, as well as grains such
as wheat, and fruits like bananas, oats and soybeans, con-
tain compounds such as inulin, fructo-oligosaccharides
and galacto-oligosaccharides (GOS). These substances
serve as major prebiotic substrates. Research suggests
their potential to stimulate the growth of specific co-
lonic microbiota, potentially offering health benefits
to the host.? Typically, prebiotics include dietary carbo-
hydrates, predominantly featuring inulin-type fructans
and GOS as the primary types meeting prebiotic criteria,
although ongoing research explores various other carbo-
hydrate classes in this domain.?*3°

Bacteriocins and other bacterial
antimicrobial compounds

Numerous intestinal bacteria create antimicrobial pep-
tides, proteins and lipoproteins to improve their domi-
nance in particular anatomical locations. Bacteriocins,
with their limited range, excel at eradicating bacteria
in close proximity to the producing strain, ensuring
steady colonization and thwarting intrusion from rival
species. For example, Enterococcus faecalis strains that
generate new bacteriocins can surpass strains that do
not produce them. The genetic material responsible for
these bacteriocins can be transferred horizontally, hint-
ing at the possible usefulness of introducing bacteriocin-
producing strains to decrease the presence of multidrug-
resistant enterococci.?*2 Many research studies have
highlighted the importance of probiotic microbes that
produce bacteriocins in safeguarding food safety and
packaging, especially in the fight against Gram-positive
bacteria such as Listeria.?® The identified bacteriocins
are systematically categorized based on their design and
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antimicrobial spectrum in databases such as BAGEL?*
and BACTIBASE®® and are extensively discussed in recent
reviews.36-38 Bacteriocins can have effects beyond direct
antimicrobial activity. For instance, mice fed a high-
fat diet did not experience changes in the composition
of their intestinal microbiota when given Lactobacillus
plantarum strain NCMIB8826, which produces the bac-
teriocin plantaricin EF. However, compared to mice fed
amutant L. plantarum strain lacking bacteriocin, zonulin
expression increased. In vitro studies further confirmed
areduced permeability upon exposure to bacteriocin. On-
going research is currently focused on this area in case
bacteriocins can translocate into the lamina propria and
initiate systemic effects.°

Probiotics in the prevention or treatment
of different disorders

Inflammatory bowel diseases

In recent decades, there has been a noticeable upward
trend in the global incidence and prevalence of inflam-
matory bowel diseases (IBD). Ulcerative colitis (UC) and
Crohn’s disease (CD) stand out as the 2 primary subtypes
of IBD, with UC predominantly affecting the large bowel,
and CD manifesting in any part of the GI tract. The exact
etiology of UC remains a subject of substantial debate, with
proposed factors including environmental influences, im-
mune dysfunction and genetic predisposition.*! The pre-
vailing hypothesis suggests that genetically susceptible
individuals harbor abnormalities in humoral and cell-me-
diated immunity, leading to heightened reactivity against
commensal intestinal bacteria, thereby predisposing them
to colonic inflammation. The causal relationship between
these abnormalities and the intense systemic inflamma-
tory response observed in UC remains unresolved. Never-
theless, it is well-documented that patients with active UC
exhibit alterations in bacterial microflora. Recent studies
have highlighted considerable variability in the effects
of the microbiota, particularly emphasizing the influence
of a proinflammatory enterotype on mucosal integrity and
disease activity.*> While modulation of the intestinal mi-
crobiota can be achieved through antibiotics or probiotics,
antibiotic use for chronic diseases should be limited due
to concerns regarding resistance, potential side effects and
ecological impacts. Therefore, the use of probiotics in IBD
management holds promise as a potential adjunct to cur-
rent conventional therapies. A comprehensive analysis
of scientific data attests to the demonstrated and con-
firmed efficacy of probiotics in treating various diseases.
Several studies have particularly focused on the effects
of probiotic blends on the enteral microbiota, particularly
in cases of dysbiosis, wherein the normal concentration
of beneficial bacterial flora is compromised by the pres-
ence of pathogenic bacteria.*®
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Irritable bowel syndrome

Functional GI disorders, including ailments such as ab-
dominal pain and irritable bowel syndrome (IBS), con-
stitute common reasons for pediatric gastroenterologist
consultations. These conditions are prevalent among
school-aged children, affecting approx. 10% of this de-
mographic, with potential regional discrepancies. For in-
stance, IBS has been reported in 13% of children in China,
10% in the USA and 6% in Sri Lanka.** In contrast, IBS
in adults exhibits varying prevalence rates, ranging from
6% in Africa and the Middle East to 18% in Latin Amer-
ica.*® The prevalence in North America and Asia typically
falls between 8% and 10%. The multifaceted etiology of IBS
includes factors such as genetic predisposition, responses
to life stresses and potential environmental triggers like
infectious diarrhea. The Rome Criteria provides a precise
definition, defining IBS as recurrent abdominal pain oc-
curring at least once a week for over 3 months, accompa-
nied by changes in bowel movements and stool form and/
or frequency. Recent studies have highlighted an altered
microbial composition in the feces of individuals with IBS.
Particularly, those with diarrhea-predominant IBS exhibit
a distinct microbial profile, characterized by reduced
microbial diversity, diminished populations of butyrate-
producing organisms (crucial for gut barrier function) and
fewer methane producers (involved in gas expulsion).%®
These findings emphasize the potential role of targeted
microbial interventions in managing IBS. Probiotics have
been extensively investigated in numerous randomized
controlled trials (RCTs) to assess their effectiveness in al-
leviating IBS symptoms. Ford et al.*’ conducted a com-
prehensive analysis encompassing 43 RCTs involving over
3,000 participants, revealing a relative risk (RR) of per-
sistent IBS symptoms at 0.79 (95% confidence interval
(95% CI): 0.70-0.89) in favor of probiotic use. Additionally,
a recent review of 21 RCTs in China showcased a positive
association between probiotic consumption and improved
IBS symptoms, coupled with an enhancement in quality
of life.*® However, these studies presented differing conclu-
sions. One study indicated superior outcomes with a single
probiotic, while the other found similar results with both
single and multi-organism probiotics. Recent RCTs have
meticulously examined individual probiotics, facilitating
meta-analyses that highlighted their effectiveness in indi-
viduals with IBS. Noteworthy probiotics in these analyses
include S. cerevisiae CNCM 1-385620 and Bifidobacterium
infantis 35624.* The latter demonstrated efficacy specifi-
cally when incorporated into a multi-organism probiotic.
Essentially, individuals with IBS exhibited a reduction
in specific symptoms like flatulence, abdominal pain and
constipation in response to probiotics, while discernible
changes were not evident in other symptoms such as bloat-
ing or urgency. Furthermore, Lactobacillus reuteri showed
beneficial effects in children with functional abdominal
pain, leading to a decrease in episode frequencies and
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pain intensity.>® Although probiotics offer advantages for
children with IBS, their impact appears relatively mod-
est compared to alternative treatments like low-dose
antidepressants.” Several key questions persist, includ-
ing the magnitude of the effect, optimal dosage, safety
in vulnerable populations, and identification of the most
effective probiotic species and strains.

Acute infectious diarrhea

Acute diarrhea, often caused by viruses, primarily affects
children aged 6 months to 2 years. Its occurrence is closely
related to water quality, sanitation and hygiene. Infants
with acute diarrhea are at high risk of dehydration, a lead-
ing cause of child mortality globally, causing about 700,000
deaths annually.®? Probiotics, particularly Lactobacillus
rhamnosus GG and L. reuteri, have been extensively stud-
ied for over 3 decades in treating acute diarrhea in children.
Parker et al.>® reviewed 15 studies on L. rhamnosus GG,
finding it reduces the severity and duration of diarrhea,
most effectively at doses of 10'° CFU. Their meta-analysis
also showed that L. reuteri, at a lower dose, effectively
shortens diarrhea duration by about 1 day.>* Global efforts
in hygiene, breastfeeding and rotavirus vaccination have
decreased diarrhea-related deaths; however, recent refugee
crises may challenge this progress. The broader effects
of such measures remain a subject of interest.

Antibiotic-associated diarrhea

Antibiotics are frequently prescribed for children, with
over half of those under 18 receiving at least 1 course,
including commonly prescribed types like amoxicillin,
azithromycin and amoxicillin/clavulanate. Antibiotic-as-
sociated diarrhea (A AD) affects approx. 11% of all children
receiving antibiotics and reaches 18% among those under
2 years of age.>® Hempel et al. conducted a meta-analysis in-
volving 63 RCTs and 11,811 subjects, predominantly using
Lactobacillus as the probiotic. Their findings showed a re-
duced risk of AAD (RR: 0.58; 95% CI: 0.50—0.68; p < 0.001)
in individuals using probiotics. However, there was some
variability in outcomes, prompting further investigation
to determine the most effective probiotic regimen. A recent
meta-analysis in China, encompassing 30 trials and over
7,000 participants, predominantly focusing on children and
consistently containing Bifidobacteria strains in the pro-
biotic, revealed a significant efficacy in preventing AAD,
with an odds ratio (OR) of 0.34 (95% CI: 0.23-0.43; p < 0.01)
for AAD occurrence among children administered Bifido-
bacteria-containing preparations, highlighting the clinical
importance of such interventions.>

Necrotizing enterocolitis

Necrotizing enterocolitis (NEC) poses a significant
risk to premature infants, affecting 5-10% of those born
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weighing 500—-1500 g. Nearly half of these infants re-
quire surgical intervention, with mortality rates rang-
ing between 20% and 30%. Necrotizing enterocolitis
is the primary cause of short bowel syndrome in chil-
dren.>¢ In a 4-year multicenter trial, Warner et al. inves-
tigated the progression of microbial colonization in pre-
term infants and noticed disruptions occurring before
NEC onset. They observed an expansion of Negativicutes
in non-NEC cases. However, infants diagnosed with NEC
displayed reduced Negativicutes and increased Gamma-
proteobacteria strains, indicating a correlation with GI
dysbiosis.>” Multiple meta-analyses corroborate the ef-
fectiveness of probiotics in preventing NEC.>® However,
determining the most effective probiotic strain remains
unknown due to the variations in preparations used across
studies. No studies on probiotics in preventing NEC have
been completed in the USA. Safety concerns persist, with
the U.S. Food and Drug Administration (FDA) categoriz-
ing probiotics similarly to vaccines. Essential preclinical
and clinical trials are required to understand early-life
host-bacterial interactions. Studying the immune re-
sponse and microbiota impact in infants solely fed with
breast milk, especially involving strains like L. rhammnosus
GG and L. reuteri, holds potential. However, it is essential
to exercise caution and avoid exceeding doses of 10!° CFU
in premature neonates to mitigate the risk of bacterial
translocation. Despite these safety considerations, pro-
biotics, particularly in very low birth weight (VLBW)
infants (<1,000 g), are anticipated to offer substantial
preventive advantages against NEC. An initiative that
introduced L. reuteri probiotics showcased a significant
6-fold decrease in the risk of NEC after implementation.®

Fig. 3. The role of probiotics in infants and the elderly
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Infant colic

Colic, characterized by excessive crying and fussi-
ness in infants, typically emerges between 3 weeks and
3 months of age, affecting up to 10% of infants. It has been
associated with potential cases of child abuse and infanti-
cide, often arising from a caregiver’s attempts to alleviate
the distressing crying episodes.”® Various theories have
been proposed to elucidate the origin of colic, including pa-
rental stresses, cow milk protein allergies, the 4"-trimester
theory, and the inflammation-dysbiosis theory. While
these theories offer insights into specific cases, dysbiosis
(an imbalance in gut microbiota) and gut inflammation
consistently emerge as noteworthy factors.®®¢! Research
conducted in different regions has identified alterations
in the microbial composition of infants with colic. These
include increased E. coli, reduced Lactobacilli, elevated
Klebsiella, and a diminished microbial diversity.®*¢! These
findings suggest a potential link between gut microbiota
and colic. Studies investigating the probiotic L. reuteri have
shown promising results. Administered as liquid drops
in sunflower oil, it demonstrated notable benefits in breast-
fed infants with colic, reducing crying and fussy times.
However, its effectiveness in formula-fed infants remains
a subject of debate, possibly due to various factors, includ-
ing differences in probiotic strains and sample sizes.®*63
Presently, colic is often treated with acid blockers, despite
their efficacy being limited, and their potential drawbacks.
The introduction of a safe and effective treatment option
like L. reuteri represents a significant advancement in pe-
diatric care.®* The positive effects of probiotics on infants
are mentioned in Fig. 3.
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Upper respiratory infections

In studies conducted at daycare centers, regular probi-
otic intake among healthy children demonstrated a nearly
25% decrease in absent school days.®> Probiotics exhibit
a consistent impact by promoting an immune response,
resulting in heightened production of immunoglobulin
A (IgA)-secreting cells in both the respiratory and GI mu-
cosa.®® Moreover, comprehensive analyses have affirmed
the correlation between probiotics and diminished severity
of symptoms, along with a shorter duration of respiratory
tract infections, typically by approx. 1 day.®’

Allergic diseases

Balancing a dual role of defending against emerging or-
ganisms while tolerating nonpathogenic antigens/aller-
gens, the immune system’s primary mission is to safeguard
the host. This undertaking is formidable, necessitating
alliances in an ongoing battle.®® Probiotics have emerged
as a clear ally in regulating the interplay between inflam-
mation and allergic responses. The hygiene hypothesis,
supported by epidemiological data, suggests a reduced
susceptibility to allergic diseases among individuals in ru-
ral and developing regions. This interest in probiotics for
preventing or managing allergic conditions like asthma,
eczema and food allergies has grown significantly.

However, meta-analyses revealed that probiotics may not
be sufficient to prevent asthma, allergic rhinitis or food al-
lergy onset, except for atopic dermatitis. The impact of pro-
biotics on atopic dermatitis varies and lacks consistent
demonstration across studies.®® A recent meta-analysis in-
volving 17 studies shows a noteworthy reduction in eczema
risk for infants when both mothers and infants receive
probiotic supplementation, especially a mixture of probi-
otics. Probiotics hold an intriguing potential as adjuncts
in oral immunotherapy (OIT) for food allergies. In a re-
cent double-blind, placebo-controlled trial, administering
the probiotic L. rhamnosus CG MCC 1.3724 alongside
peanut OIT resulted in sustained unresponsiveness in 82%
of children with peanut allergies, compared to only 3.6%
in the placebo group.” Unfortunately, despite this success,
probiotics have not shown significant therapeutic efficacy
in treating allergic rhinitis and asthma in RCTs.”* While
ongoing clinical trial data suggest some beneficial effects
of probiotics in preventing and managing allergic diseases,
the evidence is not strong enough yet to support a uni-
versal recommendation for their therapeutic use. Vari-
ous factors, including the specific probiotic strains tested,
as well as patient-specific factors such as diet, immune
responses, mucosal conditions, and emotional states, can
influence probiotic functionality. Additionally, the route
of administration could play a crucial role; for instance, na-
sal spray delivery may be more effective for allergic rhinitis,
inhalation for asthma, and topical application for atopic
dermatitis. Further research is imperative, particularly
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in unraveling the diverse mechanisms through which
probiotics contribute to immunoregulation and mucosal
homeostasis.

Clostridium difficile colitis infections
in hospitalized patients

Clostridium difficile colitis arises as an opportunis-
tic infection due to disruptions in the normal gut flora
induced by antibiotic administration. Antibiotics such
as clindamycin, fluoroquinolones, broad-spectrum peni-
cillin, and cephalosporin are commonly associated with
this condition. The severity of C. difficile colitis varies,
with severe cases necessitating intensive care and posing
a lethal risk. Probiotics are nonpathogenic bacteria that
reside in the GI system and produce lytic peptides that
impede the activity of C. difficile toxins. Specifically, Sac-
charomyces boulardii generates a protease that inhibits
the action of C. difficile toxins.”

Prophylactic probiotics aim to establish the presence
of beneficial bacteria to combat C. difficile overgrowth.
Certain probiotics demonstrate the capacity to neutral-
ize C. difficile toxins A and B, as supported by in vitro
and preclinical data, conferring protective properties.”
Postoperative patients are vulnerable to bacterial translo-
cation, primarily stemming from intestinal mucosal injury,
leading to gut barrier disruption, heightened intestinal
permeability, microbial imbalance, and diminished immu-
nodeficiency. This risk is particularly pertinent in abdomi-
nal surgeries for conditions like biliary cancer, pancreati-
coduodenectomy and liver transplantation, predisposing
patients to complications such as urinary tract infection
(UTTI), pneumonia, wound infection, intra-abdominal ab-
scess, and cholangitis.”*”>

Administering probiotics alongside antibiotics in adult
non-surgical infection patients has shown promise in re-
ducing rates of C. difficile colitis. This approach holds po-
tential for infection prevention, potentially leading to de-
creased morbidity, shorter antibiotic therapy durations,
reduced hospital stays, and a mitigated risk in the emer-
gence of antimicrobial resistance.”>”®

Probiotics in very low birth weight infants

Newborns with VLBW experience considerable neonatal
morbidity and mortality, primarily linked to nosocomial
infections and NEC. The multifaceted origins of these con-
ditions involve intrinsic host factors like gestational age
and underdeveloped immune responses. Moreover, envi-
ronmental aspects such as enteral nutrition and exposure
to a hospital environment harboring pathogen significantly
influence the abnormal colonization of the GI tract and
the movement of pathogenic bacteria across the fragile
intestinal lining.””78

The use of Lactobacillus acidophilus/Bifidobacterium
infantis probiotics has shown a noteworthy correlation
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in the prevention of NEC surgery and any abdominal sur-
gery, accompanied by a decrease in overall mortality. This
hints at a potential mechanism by which probiotics may
enact their effects, involving a mutual interplay between
the evolving immune system and gut microbiota.””

Prophylactic intervention involving
probiotics in the context of cancer
(carcinogenesis)

Colorectal cancer patients exhibit distinct gut bacte-
ria profiles. Bacteroides and Prevotella are more preva-
lent, while colorectal adenoma patients have higher levels
of Dorea spp. and fecal bacteria spp. These bacteria can
produce compounds linked to carcinogenesis and tumor
promotion.8°

Probiotics not only defend against infections but also pos-
sess potential anticancer properties. They play a vital role
inimmunomodulation and have been shown to mediate anti-
cancer responses. Specific strains may be involved in the de-
tection and breakdown of potential carcinogens. They also
contribute to the synthesis of SCFAs, crucial for regulating
cell proliferation and apoptosis. Additionally, heat-killed pro-
biotic bacteria combined with radiation have shown promise
in enhancing cancer cell immunological recognition.’!

A combination of Lacticaseibacillus rhamnosus GG, Bifi-
dobacterium lactis Bbl2 and oligofructose-enriched inulin
administered to colorectal cancer patients resulted in ben-
eficial shifts in the gut microbiome. This intervention led
to increased levels of advantageous bacteria and decreased
levels of detrimental bacteria. Lacticaseibacilli casei has
displayed augmented immune responses against cancer
and alleviation of side effects from cancer treatments.'?
Nevertheless, further investigation is necessary to com-
prehend the precise mechanisms underlying probiotic-in-
duced anticancer effects.®? Potential pathways may involve
the interplay between nutrition, gut microbiota and host
energy metabolism, yielding diverse effects.® These effects
encompass neutralizing carcinogens, fortifying intesti-
nal barrier functions, synthesizing essential compounds,
modulating immune responses, and influencing apoptosis,
among other factors.®* Exposure to Lactobacillus induces
various biological changes, including increased levels of cy-
tokines, interleukins, antioxidants, microbial flora, inter-
ferons, and immune cells, while simultaneously reducing
factors like DNA damage, pathogens, inflammation, ulcers,
tumor size, cancer-specific proteins, polyamine contents,
and pro-carcinogenic enzymes.”

In rat experiments, a combination of probiotics and
celecoxib demonstrated a reduction in the expression
of the proto-oncogene K-ras and an elevation in the tumor
suppressor p53. This suggests a potential synergistic ef-
fect inhibiting cell growth by activating tumor suppressor
genes while preserving cell activity and the cell cycle. This
combined treatment likely contributed to maintaining gut
integrity, enhancing the immune response, and leading
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to reduced DNA damage.®> Additionally, celecoxib’s anti-
inflammatory properties contributed to a decrease in co-
lonic tumors by downregulating K-ras and upregulating
p53, which can induce Bax-mediated apoptosis.?*8°

Additionally, DNA methylation, facilitated by differen-
tial methylation hybridization (DMH), triggers activation
in the Wnt pathway. This pathway’s acceleration, attributed
to the increased expression of proinflammatory markers,
contributes to the process of carcinogenesis. The participa-
tion of detrimental bacteria, the production of harmful me-
tabolites, and a decrease in pro-apoptotic markers further
exacerbate this progression. By administering probiotics
and celecoxib, the modulation of the Wnt signaling pathway
occurs along with improvements in the gut microbiome.
This intervention potentially leads to decreased inflamma-
tion and heightened apoptotic markers, serving as a preven-
tive measure against the onset of carcinogenesis.®®

Probiotics and enteral nutrition in acute pancreatitis

In cases of acute pancreatitis, a significant aspect
of pathogenesis involves bacterial translocation from
the stomach to necrotic pancreatic tissue. This process
leads to infection of the pancreatic tissue. Preventing
bacterial translocation and subsequent infection in cases
of pancreatic necrosis is a key concern. To achieve this,
prophylactic approaches such as antibiotics, enteral nutri-
tion or probiotics can be used. Studies conducted in mouse
models have demonstrated that administering probiotics
as a pre-treatment, especially in the early stages, can ef-
fectively uphold intestinal barrier function, even in severe
pancreatitis. Notably, the timing of probiotic administra-
tion plays a critical role in their efficacy. Whereas animal
models have provided evidence of a correlation between
probiotic timing and pancreatitis onset, it remains to be
firmly established in human subjects, warranting further
investigation.3”88

Late-onset sepsis in preterm infants

Gram-negative bacteria, while less prevalent than their
gram-positive counterparts, are linked to late-onset sepsis
(LOS), marked by a more severe clinical course, higher
mortality rates and increased neonatal morbidity. Late-
onset sepsis can be caused by factors such as low birth
weight, premature delivery or admission to the inten-
sive care unit (ICU). Premature infants, especially those
in the ICU, are susceptible to bacterial colonization.
The use of antibiotics after birth and prolonged hospital
stays can lead to a decrease in the diversity of microbes
in the microbiome.®® In this vulnerable population sus-
ceptible to LOS, the administration of oral probiotics may
enhance the colonization of beneficial bacteria. It is impor-
tant to note that the effectiveness of probiotics depends
on factors like the specific strain, dosage and intended
use. A recent RCT focused on preterm infants between 28
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and 31 weeks of gestation and demonstrated a significant
reduction in LOS incidence with a probiotic combination
comprising B. infantis, Streptococcus thermophiles and
B. lactis.®®

Necrotizing enterocolitis in preterm infants

Necrotizing enterocolitis is a condition that causes
the death of intestinal tissue and is a significant con-
tributor to neonatal mortality, affecting around 20-30%
of VLBW infants, defined as those born weighing less than
1,500 g (1.5 kg). Premature neonates frequently encounter
delayed and diminished colonization of the gut by probi-
otic organisms like Bifidobacteria and Lactobacilli. Vari-
ous factors, including cesarean birth, delayed breastfeed-
ing initiation or antibiotic treatment after birth, can lead
to an imbalance favoring potentially harmful bacteria.®’
Enteral administration of probiotics has demonstrated ef-
ficacy in preventing severe NEC and reducing overall mor-
tality in preterm infants.?® The prophylactic use of enteral
probiotics, involving the supplementation of live microbial
organisms, holds promise in mitigating NEC and its associ-
ated morbidity. This is achieved through hindering bacte-
rial migration across the mucosa, competitively exclud-
ing harmful bacteria, and enhancing the host’s immune
responses. Notably, probiotics containing L. acidophilus
and B. infantis have shown associations with a reduced
risk of NEC-related surgery, any abdominal surgery and
overall mortality.*!

The mechanism of probiotic action involves facilitating
the establishment of beneficial microbial flora in the gut,
preventing pathogenic colonization, strengthening the ma-
turity and functionality of the gut mucosal barrier, and
influencing the immune system. Typically, probiotics are
administered for a duration of 2 weeks, starting either
on the 1** day of life for newborns not receiving antibiotics
or after the cessation of antibiotic therapy.”*?

Ventilator-associated pneumonia

Ventilator-associated pneumonia (VAP) is a serious risk
for patients in ICUs and can cause morbidity and mortal-
ity. Probiotics have recently emerged as a promising tool
in combating VAP. The proposed mechanisms of probiot-
ics include strengthening the intestinal barrier, increasing
the production of antimicrobial peptides in host cells, regu-
lating gut microbiota composition, and curtailing the prolif-
eration and translocation of harmful bacteria. Multiple trials
have validated the safety and efficacy of probiotics in both
preventing and treating VAP among ICU patients.”>*

Probiotics and their therapeutic uses
Probiotics exert their predominant therapeutic effects

through their direct or indirect actions on the GI tract.
Their efficacy is derived not just from interactions with
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host cell mucous membranes but also from their oral in-
take. However, it is crucial to acknowledge that while cer-
tain probiotic microorganisms offer advantages, not all
are naturally prevalent in the human gut flora. Therefore,
the benefits attributed to one species might not universally
apply to others® (Table 1).%°-123

In vitro and in vivo models
Bacterial growth inhibition models

There are several Gl illnesses caused by common patho-
gens such as E. coli, C. difficile, Salmonella, Helicobacter
pylori, Listeria, and Candida albicans. Traditionally,
researchers have utilized in vitro methods to evaluate
the potential efficacy of probiotics in inhibiting the growth
of these pathogens. For example, Prasastha Ram et al.
conducted studies showcasing the antibacterial and an-
tibiofilm properties of L. acidophilus against multi-drug-
resistant Enteroaggregative Escherichia coli (MDR-EAEC)
strains using green synthesized silver nanoparticles.!?*
Ruiz et al. explored a synbiotic containing Bifidobacterium
longum subsp. infantis CECT7210 and oligosaccharides,
demonstrating its antimicrobial efficacy against E. coli,
Cronobacter sakazakii, Listeria monocytogenes, and C. dif-
ficile?® Similarly, Cizeikiene and Jagelaviciute identified
potential probiotic candidates like L. acidophilus DSM
20079, Bifidobacterium pseudolongum DSM 20099 and
Bifidobacterium animalis DSM 20105 through antibacte-
rial assays targeting various pathogenic strains.!?® In ad-
dition to pathogen growth inhibition, researchers have
explored the effects of probiotics on pathogenic and host-
related infection genes. Bifidobacterium longum JDM301
was found to inhibit C. difficile growth and promote clos-
tridial toxin degradation.’”” Ghadimi et al. conducted
an assessment of the probiotic effects of B. animalis R101-8.
They evaluated the expression levels of genes linked to lipid
metabolism and cytokines associated with inflammation.
Their study suggested that B. animalis R101-8 might el-
evate meta-inflammation biomarkers through molecular
pathways activated by proinflammatory bacteria and lip-
ids.1?¢ Furthermore, the development of mathematical and
genome-scale metabolic models in big data science and
bioinformatics has resulted in innovative methods for as-
sessing the functions of bacterial probiotics.!281

Models simulating intestinal microbiota
in vitro

Recent advancements in batch fermentation techniques,
especially those replicating the conditions of the distal
colon, provide opportunities for exploring interactions
between probiotics and pathogens. Several models, such
as TIM-2, SHIME, ECSIM, SIMGI, PolyFermS, and En-
teroMix, have been created to mimic the human intes-
tinal microbiota.!®® Although these models were mainly



Table 1. Application of probiotics for therapeutic purposes

Disease

Definition

Probiotic strain

Mechanism of action

1BD,
including:
(UC and CD)

Antibiotic-
associated
diarrhea

HTN

Helicobacter

pylori
eradication

Autoimmune
and
inflammatory
disorders

Type 1
diabetes

T2DM

Persistent inflammation
of the gut mucosa.
Disruption of gut barrier
function/an imbalanced
microbiota frequently
manifest as chronic
gastrointestinal mucosa
inflammation.

The most common
adverse effect
of antimicrobial therapy.

HTN refers to elevated
blood pressure levels,
posing a significant risk
factor for cardiovascular,
cerebrovascular
and renal diseases
worldwide.

Helicobacter pylori

is a Gram-negative,

flagellated bacteria
found in the stomach

epithelium, causing
severe side effects and
disruptions in natural

flora.

Autoimmune diseases
result from the immune
system targeting
the body’s own cells,
causing inflammation
and health issues.

Type 1 diabetes
is an autoimmune
disease where
the immune system
targets pancreatic beta-
cells, causing decreased
insulin production.

Type 2 diabetes
is a prevalent epidemic
associated with obesity
and gut microbiome
alterations, leading
to significant health and
economic challenges.

Etiology

An issue arises from
the immune system's
reaction to microorganisms
within the natural intestinal
flora.
Alterations in the gut
microbiota or a weakening
of the mucosal barrier
lead to detrimental
immune reactions against
the mucosa.

The utilization of antibiotics
is considered to disrupt
the natural enteric
microbiota, causing
a reduction in native
microorganisms within
the gastrointestinal system.

Certain gut microbial
strains, and an imbalance
in gut bacteria known
as dysbiosis.

Helicobacter pylori infection
leads to adverse effects
and changes in stomach
flora; STT declines due
to complications.

Molecular mimicry, self-
antigen modification.
Immune reactivity
modulation contributes
to autoimmune diseases.

Genetic predispositions
and environmental
factors contribute

to the development
of type 1 diabetes.
Autoantibodies and insulitis
precede B-cell decline.

Obesity, influenced
by the gut microbiome,
contributes to T2DM
development.
Altered gut microbiota
affects energy extraction,
inflammation, and
metabolic processes.

Lactobacilus
paracasei L74 CBA/
Streptococcus
salivarius/
Lactobacilus
salvarius/
Lactiplantibacillus
plantarum Lp91

L. rhamnosus
L. kefir
L. gasseri F71
L. gasseri L1
L. casei
L. paracassei
S. thermophilus
L. acidophilus
L. plantarum

Lactobacillus
helveticus/
Saccharomyces
cerevisiae/
Lactobacillus casei
(specifically, LcS)

Lactobacillus/Bacillus
subtilis

Probiotics are used
to treat autoimmune
conditions such
as RA, celiac disease,
CD, and more.

Probiotic
supplementation
with strains like
Bifidobacterium
longum,
Bifidobacterium
infantis and
Lactobacillus spp.
shows potential
in preventing
autoimmune
diabetes.

Lactiplantibacillus
plantarum/
Bifidobacterium
lactis/
Lacticaseibacillus
rhamnosus/
Lactobacillus gasseri,
and Bifidobacterium
lactis

Anti-inflammatory
effect.
Reduction in the levels
of (COX-2 and TNF).
Releasing large
amounts of antioxidant
enzymes.

Initiate natural killer
cell activities.
Inhibit pathogen
invasion and adhesion.
Reinforce intestinal
barrier integrity.
Enhance phagocytic
activities
of macrophage.

Lowering luminal Ph.
Secreting antimicrobial
peptides.
Inhibition of bacterial
invasion.
Suppression
of bacterial adhesion.

Probiotics act
as an antidote,
inhibiting Helicobacter
pylori through
bacteriostatic and
bactericidal effects,
reduced cytokines,
strengthened gastric
defense, and immune
interaction.

Probiotics impact
metabolic processes:
short-chain fatty
acids, tryptophan
metabolism,
nucleoside signaling,
and histamine-2
receptor activation.

Probiotics reduce
pro-inflammatory
cytokines (IL-6, IL-1,
TNF-a) and increase
anti-inflammatory
cytokines (TGF-(3,
IL-10), modulating
the immune response.

Probiotics enhance
gut integrity,
reduce systemic
lipopolysaccharides,
improve insulin
sensitivity, regulate
glucose, lipids, and
immune responses.

Useful product

fermented milk
probiotic yogurt

fermented
milk products
containing
specific probiotic
strains (LcS)

probiotic
supplements
(Lactobacillus,
Bacillus subtilis)

Probiotic
supplements
tailored for
autoimmune
disease.

Oral probiotic
compounds
containing
specified strains
can serve
as preventive
measures,
potentially
delaying
or preventing
autoimmune
diabetes onset.

Probiotic
supplements
containing
specific strains
may aid
in managing
T2DM
by improving gut
health, regulating
metabolism,
and modulating
immune
responses.

95-101

99-103

104-106

107-110

111-113

116-119
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Table 1. Application of probiotics for therapeutic purposes — cont.

Disease Definition Etiology Probiotic strain Mechanism of action Useful product
Probiotic
supplements
Recurrent severe ) ) Probiotics enhance designed
N ) Various strains . ) ) .
headaches, often Migraines linked to food ) intestinal barrier to improve GBA
) . ) } ) modulating the GBA ) ;
- triggered by specific triggers and inflammation; . " function through may alleviate 120
Migraine ; S studied, specific f o
foods, accompanied elevated IgG levels indicate ) ) the GBA, regulating migraines
. L effective strains not . : )
by light and sound food hypersensitivity. mentioned serotonin production by reducing
sensitivity. ' in the gut. inflammation
and regulating
serotonin.
Probiotic
supplements
Probiotics regulate containing
Bifidobacterium gut microbiota specific strains
| | - . I . iti i
A Deve opmentaA Potential link between (5 ong.um, B‘ @reve, composition, A . lmay aid A
disorders characterized B. infantis, B. bifidum)/ enhance gut barrier individuals with
ASD and dysregulated gut ) ; . ) .
by challenges : ) : ) Lactobacillus integrity, modulate ASD by improving -8
ASD . . . microbiota; microbiota ; . )
in social interaction, . . (L. acidophilus, inflammatory gut health and
o composition may influence ; )
communication and ASD symproms L. helveticus, pathways, potentially
repetitive behaviors. ymp ' L. rhamnosus, and influence alleviating
L. plantarum). neurotransmission via behavioral
the GBA. abnormalities
associated with
ASD.

IBD - inflammatory bowel disease; UC — ulcerative colitis; CD — Crohn’s disease; COX2 — cyclooxygenase-2; TNF — tumor necrosis factor; HTN — hypertension;
LcS - Lactobacillus casei strain Shirota; STT — standard therapy efficacy; RA — rheumatoid arthritis; T2DM - type 2 diabetes; IgG — immunoglobulin G;

ASD - autism spectrum disorder; GBA - gut-brain axis.

created to investigate the relationships among dietary
functional elements, medications and the intestinal mi-
crobiota, certain studies have examined the impact of pro-
biotics, prebiotics and synbiotics on the gut microbiota.
For example, Duque et al. utilized the SHIME model and
discovered that treatment with probiotics, prebiotics and
synbiotics had a positive influence on the gut microbiota
and metabolic activity in children with autism spectrum
disorder.'” Likewise, Marzorati et al. examined the ef-
fects of MegaSporeBiotic™, an oral probiotic made up
of 5 bacillus species, on the activity and composition of gut
microbiota using the SHIME model. Their results revealed
an elevation in Akkermansia muciniphila, bifidobacteria
and Firmicutes, alongside a reduction in Lactobacillus and
Bacteroidetes during the treatment period.!3° Nevertheless,
because there have been only a few studies conducted, ad-
ditional research is crucial to investigate the practicality
and viability of in vitro intestinal microbiota simulation
models.

Animal models

Animal models are used to study the interactions be-
tween hosts, microbes and potential pathogens in con-
trolled environments. Germ-free animals are particularly
useful in these studies. These models also facilitate the re-
trieval of samples from distinct sections of the GI tract,
a task that can be difficult in clinical trials. While mice
and rats are commonly employed, alternative models such
as Caenorhabditis elegans, honey bees, Ciona robusta, fruit

flies, and greater wax moths have been used to study the in-
teractions between probiotics and pathogens. Researchers
have investigated the efficacy of probiotics in mitigating
pathogenic conditions in these animal models.!*! For in-
stance, Chen et al. demonstrated that certain Lactobacillus
strains mitigated H. pylori colonization and associated
stomach inflammation.!3? Scalfaro et al. employed Gal-
leria mellonella larvae to evaluate the antibacterial effects
of L. rhamnosus GG and Clostridium butyricum MIYAIRI
588 against enteric pathogens. Their results suggested
the possible usefulness of G. mellonella larvae as an in vivo
model, complementing in vitro assays for candidate pro-
biotic prescreening.!®* Despite rapid advancements in ge-
nome editing technology leading to the establishment
of edited rats and mice, their application in probiotic-
related research remains limited. Consequently, further
investigations employing diverse animal models are crucial
for advancing our understanding in this field.

Human clinical experiments

Although in vitro models and animal experiments of-
fer simplicity, controllable experimental conditions, and
lower research costs, establishing reliable evidence about
the effects of probiotics on human health depends on hu-
man clinical trials. These trials have played a significant
role in advancing and commercializing probiotic products.
Notably, E. coli, comprising various strains, many of which
are considered opportunistic pathogens, gained recogni-
tion as a probiotic primarily due to pivotal human clinical
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trials, as seen in the case of E. coli Nissle 1917.13* Research-
ers, such as Dronkers et al., have conducted comprehen-
sive analyses of probiotic clinical trials. Their findings
revealed that L. rhamnosus GG and B. animalis ssp. lactis
BB12 are among the most extensively examined probiotic
strains.!3® However, it is important to note that despite
numerous clinical trials investigating probiotic benefits
in GI diseases, the outcomes can be unstable and occa-
sionally contradictory. This variation can be attributed
to several factors, for instance, trial design, group size,
participant features, and dosage. Therefore, meticulous
consideration of probiotic selection, host population and
study design is crucial in the careful planning of human
clinical experiments.

Discussion

The contentious role of probiotics in various diseases
has been a pivotal focus of research across different disci-
plines for many decades. In the present review, we evalu-
ated the diverse positive and negative facets associated
with the utilization of probiotics in addressing a spectrum
of disorders, primarily those pertaining to the GI system.
The prevalence of various GI disorders, including IBD,
CD and UC, has spurred extensive exploration into phar-
maceutical and nutritional interventions, notably probiot-
ics, with the objective of attenuating disease progression
and ameliorating associated symptoms. The integration
of dietary regimens incorporating these agents has dem-
onstrated promise in enhancing patients’ quality of life
and facilitating partial clinical remission.!*¢~138 In the con-
text of probiotics’ influence on diverse medical conditions,
emerging evidence underscores their potential to modulate
respiratory immune responses by establishing a microbial
interconnection between the respiratory and GI tracts.
Moreover, the advantageous effects of probiotic supple-
mentation have been noted in mitigating the frequency
of allergic rhinitis episodes.®” Additionally, probiotics have
demonstrated the capacity to modulate the composition
of gut microbiota, thereby ameliorating specific symptoms
associated with IBS, such as flatulence, bloating and ir-
regular bowel habits. Despite the existence of numerous
pharmaceutical interventions for IBS management, pro-
biotics have emerged as a promising adjunct, potentially
regulating immune responses in IBS pathophysiology
to foster intestinal homeostasis.?” Regarding the efficacy
of probiotics in addressing AAD, select strains, notably
L. rhamnosus and S. boulardii, administered at a dosage
of 50 CFU per day, have exhibited utility across various
studies.® Although probiotics have recently garnered at-
tention as a prospective intervention for combatting VAP
in both adult and pediatric populations, further meticu-
lously designed studies are requisite to ascertain their
efficacy in influencing primary clinical endpoints and
mortality rates.** Concerning NEC in preterm neonates,
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investigations have indicated that supplementation with
Lactobacillus, either alone or in combination with Bifi-
dobacterium, diminishes the incidence of this grave con-
dition.® The process of the current review, which em-
phatically studied GI disorders, encompasses the analysis
of 10 articles focused on animal or cell culture studies,
alongside 18 articles involving human subjects; among
these, 12 included healthy controls, with only 4 involving
pediatric patients. Notably, 5 studies encompassed more
than 100 patients and 12 involved more than 50 patients.
However, the majority of studies were based on relatively
small sample sizes, thus limiting definitive evaluations.
Furthermore, among the studies assessing patients with
active disease, primarily with mild-to-moderate sever-
ity scores, improvements in clinical activity scores were
observed in 2 out of 3 patients.*?® These findings suggest
the potential adjunctive use of probiotics in conjunction
with conventional treatments. Nevertheless, most studies
corroborated the notion that probiotics play a significant
role in preventing GI diseases and are associated with im-
proved quality of life in patients. The compiled evidence
suggests that probiotics could serve as a viable component
in the alleviation and prevention of GI diseases. However,
the limited number of trials underscores the necessity for
further research to substantiate their therapeutic benefits.
Notably, probiotics exhibited efficacy in 3 out of 4 stud-
ies compared to no treatment, indicating their potential
utility as an additional therapeutic option. Current data
suggest the potential utility of probiotics in the prevention
of various GI disorders, presenting a promising avenue
for novel treatment strategies. While animal studies have
contributed valuable insights, they offer a limited scope
of understanding. Furthermore, no discernible differ-
ences in treatment modalities besides probiotics or sample
characteristics were observed between compared groups,
highlighting the potential role of probiotics as an adjunc-
tive therapeutic option, particularly when combined with
conventional treatment approaches. Notably, most trials
enrolled patients with active disease, with only 5 stud-
ies examining patients with confirmed inactive disease,
yielding positive results in prolonging remission and im-
proving clinical scores in 3 instances. The most important
achievement in this field is the application of probiotics
in the treatment of COVID-19, which showed a therapeutic
effect by regulating the gut-lung axis and mucosal im-
mune system. These findings suggest the promising ef-
ficacy of probiotics even when compared to established
therapeutic options. Nonetheless, the limited number
of studies underscores the imperative for further research
to validate this hypothesis.

Limitations
This review is subject to several limitations. It is essen-

tial to acknowledge that the process of comparing studies
was challenging due to the observed heterogeneity among
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trials regarding methodologies, including dosages and con-
current treatments administered to patients. Moreover,
the majority of studies analyzed samples comprising fewer
than 100 patients. While most trials did not reveal signifi-
cant differences in sample characteristics and treatment
options, well-designed, double-blinded, randomized clini-
cal trials are indispensable for fully understanding the role
of probiotics in GI diseases. Furthermore, the necessity
for a comprehensive meta-analysis to uncover potential
variations among research studies can also be regarded
as a limitation. The heterogeneity of studies and the requi-
site sample size are critical factors in interpreting research
outcomes in this field.

Conclusions

Although probiotics offer potential as therapeutic agents
for treating GI diseases, several challenges may hinder
their effective application. A comprehensive understanding
of these challenges is essential to optimize the use of probi-
otics in GI conditions. This review highlights the extensive
investigation of probiotics across diverse pediatric and
adult GI ailments, revealing promising therapeutic pros-
pects. Probiotics have been demonstrated to have a ben-
eficial impact on a range of health outcomes, including
the treatment of functional GI disorders, acute diarrhea
and AAD, as well as the prevention of NEC in premature
infants. In addition, probiotics have shown efficacy in miti-
gating colic in infants, reducing school absenteeism in chil-
dren and potentially influencing allergic conditions, while
also providing preventive benefits against infections such
as C. difficile colitis and VAP, underscoring the versatility
of probiotic interventions. Insights from various research
methodologies, including in vitro studies, animal models
and human clinical trials, contribute significantly to eluci-
dating the mechanisms underlying probiotic interactions
with pathogens and host systems. However, the variability
in outcomes observed across studies necessitates careful
consideration of factors such as probiotic strains, dosage
and study design in future research endeavors. Despite
these challenges, probiotics have emerged as valuable al-
lies in promoting GI health, with ongoing investigations
poised to uncover additional applications and refine their
clinical use.

ORCID iDs
Xuejing Qiao © https://orcid.org/0009-0006-6892-464x
Haosheng Zhang @ https://orcid.org/0009-0005-6524-1192

Lianmei Shan @ https://orcid.org/0009-0001-9701-8180

References

1. Compare D, Sgamato C, Nardone OM, et al. Probiotics in gastro-
intestinal diseases: All that glitters is not gold. Dig Dis. 2022;40(1):
123-132. doi:10.1159/000516023

2. Kataoka K. The intestinal microbiota and its role in human health
and disease. J Med Invest. 2016;63(1.2):27-37. d0i:10.2152/jmi.63.27

20.

21.

22.

23.

24.

25.

26.

27.

655

Cani PD. Gut microbiota: At the intersection of everything? Nat Rev
Gastroenterol Hepatol. 2017;14(6):321-322. doi:10.1038/nrgastro.2017.54
Wang S, Xiao Y, Tian F, et al. Rational use of prebiotics for gut micro-
biota alterations: Specific bacterial phylotypes and related mecha-
nisms. J Funct Foods. 2020;66:103838. doi:10.1016/j.jff.2020.103838
Islam F, Mitra S, Emran TB, et al. Natural small molecules in gastro-
intestinal tract and associated cancers: Molecular insights and tar-
geted therapies. Molecules. 2022;27(17):5686. doi:10.3390/molecules
27175686

Palumbo VD, Romeo M, Gammazza AM, et al. The long-term effects
of probiotics in the therapy of ulcerative colitis: A clinical study.
Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2016;160(3):
372-377.d0i:10.5507/bp.2016.044

Schmidt TSB, Raes J, Bork P.The human gut microbiome: From asso-
ciation to modulation. Cell. 2018;172(6):1198-1215. doi:10.1016/j.cell.
2018.02.044

Parker EA, Roy T, D’Adamo CR, Wieland LS. Probiotics and gastrointes-
tinal conditions: An overview of evidence from the Cochrane Collab-
oration. Nutrition. 2018;45:125-134.e11. d0i:10.1016/j.nut.2017.06.024
Suez J, Zmora N, Segal E, Elinav E. The pros, cons, and many unknowns
of probiotics. Nat Med. 2019;25(5):716-729. d0i:10.1038/541591-019-
0439-x

. Peng M, Biswas D. Short chain and polyunsaturated fatty acids in host

gut health and foodborne bacterial pathogen inhibition. Crit Rev Food
SciNutr.2017;57(18):3987-4002. doi:10.1080/10408398.2016.1203286

. Rastogi S, Singh A. Gut microbiome and human health: Exploring

how the probiotic genus Lactobacillus modulate immune responses.
Front Pharmacol. 2022;13:1042189. doi:10.3389/fphar.2022.1042189

. Wilkins T, Sequoia J. Probiotics for gastrointestinal conditions:

A summary of the evidence. Am Fam Physician. 2017;96(3):170-178.
PMID:28762696.

. Floch MH. The role of prebiotics and probiotics in gastrointestinal

disease. Gastroenterol Clin North Am. 2018;47(1):179-191.doi:10.1016/j.
gtc.2017.09.011

. Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M, Gil A. Mechanisms of action

of probiotics. Adv Nutr. 2019;10(Suppl 1):549-S66. doi:10.1093/
advances/nmy063

Ben Braiek O, Smaoui S. Enterococci: Between emerging pathogens
and potential probiotics. Biomed Res Int. 2019;2019:5938210. d0i:10.1155
/2019/5938210

. Sener D, Bulut HN, Glines Bayir A. Probiotics and relationship between

probiotics and cancer types. Bezmialem Sci. 2021;9(4):490-497.
doi:10.14235/bas.galenos.2021.5375

Sundararaman A, Ray M, Ravindra PV, Halami PM. Role of probiotics
to combat viral infections with emphasis on COVID-19. Appl Microbiol
Biotechnol. 2020;104(19):8089-8104. d0i:10.1007/s00253-020-10832-4

. Shen H, Zhao Z, Zhao Z, Chen Y, Zhang L. Native and engineered

probiotics: Promising agents against related systemic and intesti-
nal diseases. Int J Mol Sci. 2022;23(2):594. doi:10.3390/ijms23020594
Sanders ME, Merenstein D, Merrifield CA, Hutkins R. Probiotics for
human use. Nutr Bull. 2018;43(3):212-225. doi:10.1111/nbu.12334
GuevarraR, Barraquio VL. Viable counts of lactic acid bacteria in Phil-
ippine commercial yogurts. Int J Dairy Sci Process. 2016;2(5):24-28.
doi:10.13140/RG.2.1.4030.3764

Wolfe W, Xiang Z, Yu X, et al. The challenge of applications of pro-
biotics in gastrointestinal diseases. Adv Gut Microbiome Res. 2023;
2023:1984200. doi:10.1155/2023/1984200

Sanders ME, Akkermans LMA, Haller D, et al. Safety assessment of pro-
biotics for human use. Gut Microbes. 2010;1(3):164-185. doi:10.4161/
gmic.1.3.12127

Pandey KR, Naik SR, Vakil BV. Probiotics, prebiotics and synbiot-
ics: A review. J Food Sci Technol. 2015;52(12):7577-7587. doi:10.1007/
$13197-015-1921-1

Tripathi MK, Giri SK. Probiotic functional foods: Survival of probiot-
ics during processing and storage. J Funct Foods. 2014;9:225-241.
doi:10.1016/j.jff.2014.04.030

Williams NT. Probiotics. Am J Health Syst Pharm. 2010,67(6):449-458.
doi:10.2146/ajhp090168

D’Amelio P, Sassi F. Gut microbiota, immune system, and bone.
Calcif Tissue Int. 2018;102(4):415-425. d0i:10.1007/s00223-017-0331-y
Claes AK, Zhou JY, Philpott DJ. NOD-like receptors: Guardians of intes-
tinal mucosal barriers. Physiology. 2015;30(3):241-250. doi:10.1152/
physiol.00025.2014


https://www.doi.org/10.1159/000516023
https://www.doi.org/10.2152/jmi.63.27
https://www.doi.org/10.1038/nrgastro.2017.54
https://www.doi.org/10.1016/j.jff.2020.103838
https://www.doi.org/10.3390/molecules27175686
https://www.doi.org/10.3390/molecules27175686
https://www.doi.org/10.5507/bp.2016.044
https://www.doi.org/10.1016/j.cell.2018.02.044
https://www.doi.org/10.1016/j.cell.2018.02.044
https://www.doi.org/10.1016/j.nut.2017.06.024
https://www.doi.org/10.1038/s41591-019-0439-x
https://www.doi.org/10.1038/s41591-019-0439-x
https://www.doi.org/10.1080/10408398.2016.1203286
https://www.doi.org/10.3389/fphar.2022.1042189
https://pubmed.ncbi.nlm.nih.gov/28762696
https://www.doi.org/10.1016/j.gtc.2017.09.011
https://www.doi.org/10.1016/j.gtc.2017.09.011
https://www.doi.org/10.1093/advances/nmy063
https://www.doi.org/10.1093/advances/nmy063
https://www.doi.org/10.1155/2019/5938210
https://www.doi.org/10.1155/2019/5938210
https://www.doi.org/10.14235/bas.galenos.2021.5375
https://www.doi.org/10.1007/s00253-020-10832-4
https://www.doi.org/10.3390/ijms23020594
https://www.doi.org/10.1111/nbu.12334
https://www.doi.org/10.13140/RG.2.1.4030.3764
https://www.doi.org/10.1155/2023/1984200
https://www.doi.org/10.4161/gmic.1.3.12127
https://www.doi.org/10.4161/gmic.1.3.12127
https://www.doi.org/10.1007/s13197-015-1921-1
https://www.doi.org/10.1007/s13197-015-1921-1
https://www.doi.org/10.1016/j.jff.2014.04.030
https://www.doi.org/10.2146/ajhp090168
https://www.doi.org/10.1007/s00223-017-0331-y
https://www.doi.org/10.1152/physiol.00025.2014
https://www.doi.org/10.1152/physiol.00025.2014

656

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

Hevia A, Delgado S, Sénchez B, Margolles A. Molecular players involved
in the interaction between beneficial bacteria and the immune system.
Front Microbiol. 2015;6:1285. doi:10.3389/fmicb.2015.01285

Wilson B, Whelan K. Prebiotic inulin-type fructans and galacto-oligo-
saccharides: Definition, specificity, function, and application in gas-
trointestinal disorders.J Gastroenterol Hepatol. 2017;32(Suppl 1):64-68.
doi:10.1111/jgh.13700

Patcharatrakul T, Gonlachanvit S. Chili peppers, curcumins, and pre-
biotics in gastrointestinal health and disease. Curr Gastroenterol Rep.
2016;18(4):19. doi:10.1007/511894-016-0494-0

Kommineni S, Kristich CJ, Salzman NH. Harnessing bacteriocin biolo-
gy as targeted therapy in the Gl tract. Gut Microbes. 2016;7(6):512-517.
doi:10.1080/19490976.2016.1233089

Yang SC, Lin CH, Sung CT, Fang JY. Antibacterial activities of bacte-
riocins: Application in foods and pharmaceuticals. Front Microbiol.
2014;5:241. doi:10.3389/fmicb.2014.00241

Van Heel AJ,De Jong A, Montalban-Lépez M, Kok J, Kuipers OP. BAGEL3:
Automated identification of genes encoding bacteriocins and (non-)
bactericidal posttranslationally modified peptides. Nucl Acids Res.
2013;41(W1):W448-W453. doi:10.1093/nar/gkt391

Hammami R, Zouhir A, Le Lay C, Ben Hamida J, Fliss I. BACTIBASE sec-
ond release: A database and tool platform for bacteriocin character-
ization. BMC Microbiol. 2010;10(1):22. d0i:10.1186/1471-2180-10-22
Yang X, Yousef AE. Antimicrobial peptides produced by Breviba-
cillus spp.: Structure, classification and bioactivity. A mini review.
World J Microbiol Biotechnol. 2018;34(4):57. doi:10.1007/s11274-018-
2437-4

Garcia-Gutierrez E, Mayer MJ, Cotter PD, Narbad A. Gut microbio-
ta as a source of novel antimicrobials. Gut Microbes. 2019;10(1):1-21.
doi:10.1080/19490976.2018.1455790

Halloran K, Underwood MA. Probiotic mechanisms of action.
Early Hum Dev. 2019;135:58-65.d0i:10.1016/j.earlhumdev.2019.05.010
Heeney DD, Zhai Z, Bendiks Z, et al. Lactobacillus plantarum bacterio-
cin is associated with intestinal and systemic improvements in diet-
induced obese mice and maintains epithelial barrier integrity in vitro.
GutMicrobes. 2019;10(3):382-397.d0i:10.1080/19490976.2018.1534513
Dicks LMT, Dreyer L, Smith C, Van Staden AD. A review. The fate
of bacteriocins in the human gastro-intestinal tract: Do they cross
the gut-blood barrier? Front Microbiol. 2018;9:2297. doi:10.3389/
fmicb.2018.02297

Sandhu BK. Irritable bowel syndrome in children: Pathogenesis, diag-
nosis and evidence-based treatment. World J Gastroenterol. 2014;
20(20):6013. doi:10.3748/wjg.v20.i20.6013

Sperber AD, Dumitrascu D, Fukudo S, et al. The global prevalence
of IBS in adults remains elusive due to the heterogeneity of studies:
A Rome Foundation working team literature review. Gut. 2017;66(6):
1075-1082. doi:10.1136/gutjnl-2015-311240

Fan H, Du J, Liu X, et al. Effects of pentasa-combined probiotics
on the microflora structure and prognosis of patients with inflam-
matory bowel disease. Turk J Gastroenterol. 2019;30(8):680-685.
doi:10.5152/tjg.2019.18426

Steed H, Macfarlane GT, Blackett KL, et al. Clinical trial. The microbio-
logical and immunological effects of synbiotic consumption: A ran-
domized double-blind placebo-controlled study in active Crohn’s
disease. Aliment Pharmacol Ther. 2010;32(7):872-883. doi:10.1111/j.
1365-2036.2010.04417.x

Pozuelo M, Panda S, Santiago A, et al. Reduction of butyrate- and
methane-producing microorganisms in patients with irritable bowel
syndrome. Sci Rep. 2015;5(1):12693. d0i:10.1038/srep12693

Ford AC, Quigley EMM, Lacy BE, et al. Efficacy of prebiotics, probiotics, and
synbiotics inirritable bowel syndrome and chronic idiopathic consti-
pation: Systematic review and meta-analysis. Am J Gastroenterol. 2014;
109(10):1547-1561. doi:10.1038/ajg.2014.202

Zhang Y, LiL, Guo C, et al. Effects of probiotic type, dose and treat-
ment duration on irritable bowel syndrome diagnosed by Rome llI
criteria: A meta-analysis. BMC Gastroenterol. 2016;16(1):62. doi:10.1186/
512876-016-0470-z

Yuan F, Ni H, Asche CV, Kim M, Walayat S, Ren J. Efficacy of Bifido-
bacterium infantis 35624 in patients with irritable bowel syndrome:
A meta-analysis. Curr Med Res Opin. 2017;33(7):1191-1197. doi:10.
1080/03007995.2017.1292230

48.

49.

50.

51.

52.

53.

54.

55.

56.

55.

58.

59.

60.

61.

62.

63.

64.

65.

66.

X. Qiao, H. Zhang, L. Shan. Gut Health: Probiotics and quality of life

Weizman Z, Abu-Abed J, Binsztok M. Lactobacillus reuteri DSM 17938
for the management of functional abdominal pain in childhood:
Arandomized, double-blind, placebo-controlled trial. J Pediatr. 2016;
174:160-164.e1. doi:10.1016/j.jpeds.2016.04.003

Ford AC, Quigley EMM, Lacy BE, et al. Effect of antidepressants and
psychological therapies, including hypnotherapy, in irritable bowel
syndrome: Systematic review and meta-analysis. AmJ Gastroenterol.
2014;109(9):1350-1365. doi:10.1038/ajg.2014.148

Das JK, Bhutta ZA. Global challenges in acute diarrhea. Curr Opin
Gastroenterol. 2016;32(1):18-23. doi:10.1097/MOG.0000000000000236
Szajewska H, Skorka A, Ruszczynski M, Gieruszczak-Biatek D. Meta-
analysis. Lactobacillus GG for treating acute gastroenteritis in chil-
dren: Updated analysis of randomised controlled trials. Aliment
Pharmacol Ther. 2013;38(5):467-476. doi:10.1111/apt.12403
Szajewska H, Urbariska M, Chmielewska A, Weizman Z, Shamir R.
Meta-analysis: Lactobacillus reuteri strain DSM 17938 (and the origi-
nal strain ATCC 55730) for treating acute gastroenteritis in children.
Benef Microbes. 2014;5(3):285-294. doi:10.3920/BM2013.0056
Parker MW, Schaffzin JK, Lo Vecchio A, et al. Rapid adoption of Lac-
tobacillus rhamnosus GG for acute gastroenteritis. Pediatrics. 2013;
131(Suppl 1):596-5102. doi:10.1542/peds.2012-14271

Mantegazza C, Molinari P, D'Auria E, Sonnino M, Morelli L, Zuccotti GV.
Probiotics and antibiotic-associated diarrhea in children: A review
and new evidence on Lactobacillus rhamnosus GG during and after
antibiotic treatment. Pharmacol Res. 2018;128:63-72. doi:10.1016/j.
phrs.2017.08.001

Hempel S, Newberry SJ, Maher AR, et al. Probiotics for the preven-
tion and treatment of antibiotic-associated diarrhea: A systematic
review and meta-analysis. JAMA. 2012;307(18):1959-1969. d0i:10.1001/
jama.2012.3507

Chang HY, Chen JH, Chang JH, Lin HC, Lin CY, Peng CC. Multiple strains
probiotics appear to be the most effective probiotics in the preven-
tion of necrotizing enterocolitis and mortality: An updated meta-
analysis. PLoS One. 2017;12(2):e0171579. doi:10.1371/journal.pone.
0171579

Warner BB, Deych E, Zhou Y, et al. Gut bacteria dysbiosis and necro-
tising enterocolitis in very low birthweight infants: A prospective
case-control study. Lancet. 2016;387(10031):1928-1936. doi:10.1016/
S0140-6736(16)00081-7

Beghetti |, Panizza D, Lenzi J, et al. Probiotics for preventing nec-
rotizing enterocolitis in preterm infants: A network meta-analysis.
Nutrients. 2021;13(1):192. doi:10.3390/nu13010192

Zeevenhooven J, Browne PD, L'Hoir MP, De Weerth C, Benninga MA.
Infant colic: Mechanisms and management. Nat Rev Gastroenterol
Hepatol. 2018;15(8):479-496. d0i:10.1038/541575-018-0008-7

Harb T, Matsuyama M, David M, Hill RJ. Infant colic: What works?
A systematic review of interventions for breast-fed infants. J Pediatr
Gastroenterol Nutr. 2016;62(5):668-686. doi:10.1097/MPG.0000000
000001075

XuM, Wang J, Wang N, Sun F, Wang L, Liu XH. The efficacy and safety
of the probiotic bacterium Lactobacillus reuteri DSM 17938 for infan-
tile colic: A meta-analysis of randomized controlled trials. PLoS One.
2015;10(10):e0141445. doi:10.1371/journal.pone.0141445

SungV, Hiscock H, Tang MLK, et al. Treating infant colic with the pro-
biotic Lactobacillus reuteri: Double blind, placebo controlled ran-
domised trial. BMJ. 2014;348:92107. doi:10.1136/bmj.g2107
Sieczkowska A, Landowski P, Zagozdzon P, Kaminska B, Lifschitz C.
The association of proton pump inhibitor therapy and small bowel
bacterial overgrowth in children. Eur J Gastroenterol Hepatol. 2017;
29(10):1190-1191. doi:10.1097/MEG.0000000000000946

Weizman Z. The role of probiotics and prebiotics in the prevention
of infections in child day-care centres. Benef Microbes. 2015;6(2):
181-183. doi:10.3920/BM2014.0101

Wang Y, Li X, Ge T, et al. Probiotics for prevention and treatment
of respiratory tract infections in children: A systematic review and
meta-analysis of randomized controlled trials. Medicine (Baltimore).
2016;95(31):e4509. doi:10.1097/MD.0000000000004509

Daley D. The evolution of the hygiene hypothesis: The role of early-
life exposures to viruses and microbes and their relationship to asth-
ma and allergic diseases. Curr Opin Allergy Clin Inmunol. 2014;14(5):
390-396. doi:10.1097/AC1.0000000000000101


https://www.doi.org/10.3389/fmicb.2015.01285
https://www.doi.org/10.1111/jgh.13700
https://www.doi.org/10.1007/s11894-016-0494-0
https://www.doi.org/10.1080/19490976.2016.1233089
https://www.doi.org/10.3389/fmicb.2014.00241
https://www.doi.org/10.1093/nar/gkt391
https://www.doi.org/10.1186/1471-2180-10-22
https://www.doi.org/10.1007/s11274-018-2437-4
https://www.doi.org/10.1007/s11274-018-2437-4
https://www.doi.org/10.1080/19490976.2018.1455790
https://www.doi.org/10.1016/j.earlhumdev.2019.05.010
https://www.doi.org/10.1080/19490976.2018.1534513
https://www.doi.org/10.3389/fmicb.2018.02297
https://www.doi.org/10.3389/fmicb.2018.02297
https://www.doi.org/10.3748/wjg.v20.i20.6013
https://www.doi.org/10.1136/gutjnl-2015-311240
https://www.doi.org/10.5152/tjg.2019.18426
https://www.doi.org/10.1111/j.1365-2036.2010.04417.x
https://www.doi.org/10.1111/j.1365-2036.2010.04417.x
https://www.doi.org/10.1038/srep12693
https://www.doi.org/10.1038/ajg.2014.202
https://www.doi.org/10.1186/s12876-016-0470-z
https://www.doi.org/10.1186/s12876-016-0470-z
https://www.doi.org/10.1080/03007995.2017.1292230
https://www.doi.org/10.1080/03007995.2017.1292230
https://www.doi.org/10.1016/j.jpeds.2016.04.003
https://www.doi.org/10.1038/ajg.2014.148
https://www.doi.org/10.1097/MOG.0000000000000236
https://www.doi.org/10.1111/apt.12403
https://www.doi.org/10.3920/BM2013.0056
https://www.doi.org/10.1542/peds.2012-1427l
https://www.doi.org/10.1016/j.phrs.2017.08.001
https://www.doi.org/10.1016/j.phrs.2017.08.001
https://www.doi.org/10.1001/jama.2012.3507
https://www.doi.org/10.1001/jama.2012.3507
https://www.doi.org/10.1371/journal.pone.0171579
https://www.doi.org/10.1371/journal.pone.0171579
https://www.doi.org/10.1016/S0140-6736(16)00081-7
https://www.doi.org/10.1016/S0140-6736(16)00081-7
https://www.doi.org/10.3390/nu13010192
https://www.doi.org/10.1038/s41575-018-0008-7
https://www.doi.org/10.1097/MPG.0000000000001075
https://www.doi.org/10.1097/MPG.0000000000001075
https://www.doi.org/10.1371/journal.pone.0141445
https://www.doi.org/10.1136/bmj.g2107
https://www.doi.org/10.1097/MEG.0000000000000946
https://www.doi.org/10.3920/BM2014.0101
https://www.doi.org/10.1097/MD.0000000000004509
https://www.doi.org/10.1097/ACI.0000000000000101

Adv Clin Exp Med. 2025;34(4):641-658

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Zajac AE, Adams AS, Turner JH. A systematic review and meta-analysis
of probiotics for the treatment of allergic rhinitis. Int Forum Allergy Rhinol.
2015;5(6):524-532. doi:10.1002/alr.21492

Tang MLK, Ponsonby AL, Orsini F, et al. Administration of a probiotic
with peanut oral immunotherapy: A randomized trial. J Allergy Clin
Immunol. 2015;135(3):737-744.e8. d0i:10.1016/j.jaci.2014.11.034
Loke P, Orsini F, Lozinsky AC, et al. Probiotic peanut oral immunother-
apy versus oralimmunotherapy and placebo in children with peanut
allergy in Australia (PPOIT-003): A multicentre, randomised, phase 2b
trial. Lancet Child Adolesc Health. 2022;6(3):171-184. d0i:10.1016/52352-
4642(22)00006-2

Rodriguez H, Miller JE. Do prophylactic probiotics prevent the inci-
dence of Clostridium difficile colitis infection in hospitalized
patients? J Okla State Med Assoc. 2019;112(1):18-19. PMID:31379393.
PMCID:PMC6677267.

Franko J,Raman S, Krishnan N, et al. Randomized trial of periopera-
tive probiotics among patients undergoing major abdominal opera-
tion.JAm Coll Surg. 2019;229(6):533-540.e1. doi:10.1016/j.jamcollsurg.
2019.09.002

Mills JP, Rao K, Young VB. Probiotics for prevention of Clostridium dif-
ficile infection. Curr Opin Gastroenterol. 2018;34(1):3-10. doi:10.1097/
MOG.0000000000000410

Bischoff SC, Barbara G, Buurman W, et al. Intestinal permeability:
A new target for disease prevention and therapy. BMC Gastroenterol.
2014;14:189. doi:10.1186/512876-014-0189-7

Shen NT, Maw A, Tmanova LL, et al. Timely use of probiotics in hos-
pitalized adults prevents Clostridium difficile infection: A systematic
review with meta-regression analysis. Gastroenterology. 2017;152(8):
1889-1900.€9. doi:10.1053/j.gastro.2017.02.003

Hartel C, Pagel J, Rupp J, et al. Prophylactic use of Lactobacillus aci-
dophilus/Bifidobacterium infantis probiotics and outcome in very low
birth weight infants. J Pediatr. 2014;165(2):285-289.e1. doi:10.1016/j.
jpeds.2014.04.029

Oncel MY, Arayici S, Sari FN, et al. Comparison of Lactobacillus reuteri
and nystatin prophylaxis on Candida colonization and infection
in very low birth weight infants. J Matern Fetal Neonatal Med. 2015;
28(15):1790-1794. doi:10.3109/14767058.2014.968842
Johnson-Henry KC, Abrahamsson TR, Wu RY, Sherman PM. Probi-
otics, prebiotics, and synbiotics for the prevention of necrotizing
enterocolitis. Adv Nutr. 2016;7(5):928-937. d0i:10.3945/an.116.012237
DasR, Biswas S. Nutraceutical-prophylacticand therapeutic role of func-
tional food in health. J Nutr Food Sci. 2016;6(4):1000527. doi:10.4172
/2155-9600.1000527

Dasari S, Kathera C, Janardhan A, Praveen Kumar A, Viswanath B.
Surfacing role of probiotics in cancer prophylaxis and therapy:
A systematic review. Clin Nutr. 2017;36(6):1465-1472. doi:10.1016/].
clnu.2016.11.017

Gorska A, Przystupski D, Niemczura MJ, Kulbacka J. Probiotic bacteria:
A promising tool in cancer prevention and therapy. Curr Microbiol.
2019;76(8):939-949. doi:10.1007/s00284-019-01679-8

Yao D, He W, Hu Y, et al. Prevalence and influencing factors of pro-
biotic usage among colorectal cancer patients in China: A national
database study. PLoS One. 2023;18(9):e0291864. doi:10.1371/journal.
pone.0291864

Molska M, Reguta J. Potential mechanisms of probiotics action
in the prevention and treatment of colorectal cancer. Nutrients. 2019;
11(10):2453. doi:10.3390/nu11102453

Sharaf LK, Sharma M, Chandel D, Shukla G. Prophylactic intervention
of probiotics (L. acidophilus, L. rhamnosus GG) and celecoxib mod-
ulate Bax-mediated apoptosis in 1,2-dimethylhydrazine-induced
experimental colon carcinogenesis. BMC Cancer. 2018;18(1):1111.
doi:10.1186/512885-018-4999-9

Qorri B, Harless W, Szewczuk MR. Novel molecular mechanism of aspi-
rin and celecoxib targeting mammalian neuraminidase-1 impedes
epidermal growth factor receptor signaling axis and induces apopto-
sisin pancreatic cancer cells. Drug Des Devel Ther. 2020;14:4149-4167.
doi:10.2147/DDDT.5264122

van Baal MC, van Rens MJ, Geven CB, et al. Association between
probiotics and enteral nutrition in an experimental acute pancre-
atitis model in rats. Pancreatology. 2014;14(6):470-477. doi:10.1016/j.
pan.2014.10.002

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

657

TewariVV, Dubey SK, Gupta G. Bacillus clausiifor prevention of late-onset
sepsis in preterm lifants: A randomized controlled trial. J Trop Pediatr.
2015;61(5):377-385. doi:10.1093/tropej/fmv050

DongY, Glaser K, Speer CP. Late-onset sepsis caused by Gram-neg-
ative bacteria in very low birth weight infants: A systematic review.
Expert Rev AntiInfect Ther. 2019;17(3):177-188. d0i:10.1080/14787210.
2019.1568871

Zbinden A, Zbinden R, Berger C, Arlettaz R. Case series of Bifidobacteri-
umlongum bacteremiain three preterm infants on probiotic therapy.
Neonatology. 2015;107(1):56-59. doi:10.1159/000367985

Gongalves FLL, Soares LMM, Figueira RL, Simdes ALB, Gallindo RM,
Sbragia L. Evaluation of the expression of I-FABP and L-FABP in
a necrotizing enterocolitis model after the use of Lactobacillus aci-
dophilus. J Pediatr Surg. 2015;50(4):543-549. d0i:10.1016/j.jpedsurg.
2014.07.007

AlFaleh K, Anabrees J. Probiotics for prevention of necrotizing entero-
colitis in preterm infants. Evid Based Child Health. 2014;9(3):584-671.
doi:10.1002/ebch.1976

Xie X, Lyu J, Hussain T, Li M. Drug prevention and control of ventilator-
associated pneumonia. Front Pharmacol. 2019;10:298. doi:10.3389
/fphar.2019.00298

Branch-Elliman W, Wright SB, Howell MD. Determining the ideal strat-
egy for ventilator-associated pneumonia prevention: Cost-benefit
analysis. Am J Respir Crit Care Med. 2015;192(1):57-63. doi:10.1164/
rccm.201412-23160C

Markowiak P, Slizewska K. Effects of probiotics, prebiotics, and synbiot-
ics on human health. Nutrients. 2017;9(9):1021. d0i:10.3390/nu9091021
Chibbar R, Dieleman LA. The gut microbiota in celiac disease and
probiotics. Nutrients. 2019;11(10):2375. doi:10.3390/nu11102375
Yadav A, Chandra, Maurya VK. Probiotics: Recent advances and future
prospects.J Plant Dev Sci. 2017;9(11):967-975. http://jpds.co.in/wp-
content/uploads/2020/09/01.-Harish-Chandra-1291-corrected.pdf.
De Souza MDSS, Barbalho SM, Goulart RDA, De Carvalho ADCA.
The current and future role of drugs and probiotics in the manage-
ment of inflammatory bowel disease. J Biosci Med. 2015;3(8):76-85.
doi:10.4236/jbm.2015.38008

Zaylaa M, Alard J, Kassaa IA, et al. Autophagy: A novel mechanism
involved in the anti-inflammatory abilities of probiotics. Cell Physiol
Biochem. 2019;53(5):774-793. d0i:10.33594/000000172

Maziade PJ, Andriessen JA, Pereira P, Currie B, Goldstein EJC. Impact
of adding prophylactic probiotics to a bundle of standard preventa-
tive measures for Clostridium difficile infections: Enhanced and sus-
tained decrease in the incidence and severity of infection at a com-
munity hospital. Curr Med Res Opin. 2013;29(10):1341-1347.d0i:10.1185/
03007995.2013.833501

Issa |, Moucari R. Probiotics for antibiotic-associated diarrhea: Do
we have a verdict? World J Gastroenterol. 2014;20(47):17788-17795.
doi:10.3748/wjg.v20.i47.17788

Bae JM. Prophylactic efficacy of probiotics on travelers’ diar-
rhea: An adaptive meta-analysis of randomized controlled trials.
Epidemiol Health. 2018;40:2018043. d0i:10.4178/epih.e2018043
Ling Z, Liu X, Cheng Y, et al. Clostridium butyricum combined with
Bifidobacterium infantis probiotic mixture restores fecal microbiota
and attenuates systemic inflammation in mice with antibiotic-
associated diarrhea. Biomed Res Int. 2015;2015:582048. doi:10.1155
/2015/582048

Kang Y, Cai Y. Gut microbiota and hypertension: From pathogen-
esis to new therapeutic strategies. Clin Res Hepatol Gastroenterol.
2018;42(2):110-117. d0i:10.1016/j.clinre.2017.09.006

Borse S, Singh D, Upadhyay D, Sharma V, Nivsarkar M. Probiotic use
in the management of hypertension: A new era of therapeutic man-
agement. Indian J Health Sci Biomed Res. 2018;11(3):207. doi:10.4103/
kleuhsj.kleuhsj_3_18

Noce A, Marrone G, Di Daniele F, et al. Impact of gut microbiota
composition on onset and progression of chronic non-communi-
cable diseases. Nutrients. 2019;11(5):1073. d0i:10.3390/nu11051073
Jung JH, Cho IK, Lee CH, Song GG, Lim JH. Clinical outcomes of stan-
dard triple therapy plus probiotics or concomitant therapy for Heli-
cobacter pyloriinfection. Gut Liver. 2018;12(2):165-172. doi:10.5009/
gnl17177


https://www.doi.org/10.1002/alr.21492
https://www.doi.org/10.1016/j.jaci.2014.11.034
https://www.doi.org/10.1016/S2352-4642(22)00006-2
https://www.doi.org/10.1016/S2352-4642(22)00006-2
https://pubmed.ncbi.nlm.nih.gov/31379393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6677267
https://www.doi.org/10.1016/j.jamcollsurg.2019.09.002
https://www.doi.org/10.1016/j.jamcollsurg.2019.09.002
https://www.doi.org/10.1097/MOG.0000000000000410
https://www.doi.org/10.1097/MOG.0000000000000410
https://www.doi.org/10.1186/s12876-014-0189-7
https://www.doi.org/10.1053/j.gastro.2017.02.003
https://www.doi.org/10.1016/j.jpeds.2014.04.029
https://www.doi.org/10.1016/j.jpeds.2014.04.029
https://www.doi.org/10.3109/14767058.2014.968842
https://www.doi.org/10.3945/an.116.012237
https://www.doi.org/10.4172/2155-9600.1000527
https://www.doi.org/10.4172/2155-9600.1000527
https://www.doi.org/10.1016/j.clnu.2016.11.017
https://www.doi.org/10.1016/j.clnu.2016.11.017
https://www.doi.org/10.1007/s00284-019-01679-8
https://www.doi.org/10.1371/journal.pone.0291864
https://www.doi.org/10.1371/journal.pone.0291864
https://www.doi.org/10.3390/nu11102453
https://www.doi.org/10.1186/s12885-018-4999-9
https://www.doi.org/10.2147/DDDT.S264122
https://www.doi.org/10.1016/j.pan.2014.10.002
https://www.doi.org/10.1016/j.pan.2014.10.002
https://www.doi.org/10.1093/tropej/fmv050
https://www.doi.org/10.1080/14787210.2019.1568871
https://www.doi.org/10.1080/14787210.2019.1568871
https://www.doi.org/10.1159/000367985
https://www.doi.org/10.1016/j.jpedsurg.2014.07.007
https://www.doi.org/10.1016/j.jpedsurg.2014.07.007
https://www.doi.org/10.1002/ebch.1976
https://www.doi.org/10.3389/fphar.2019.00298
https://www.doi.org/10.3389/fphar.2019.00298
https://www.doi.org/10.1164/rccm.201412-2316OC
https://www.doi.org/10.1164/rccm.201412-2316OC
https://www.doi.org/10.3390/nu9091021
https://www.doi.org/10.3390/nu11102375
http://jpds.co.in/wp-content/uploads/2020/09/01.-Harish-Chandra-1291-corrected.pdf
http://jpds.co.in/wp-content/uploads/2020/09/01.-Harish-Chandra-1291-corrected.pdf
https://www.doi.org/10.4236/jbm.2015.38008
https://www.doi.org/10.33594/000000172
https://www.doi.org/10.1185/03007995.2013.833501
https://www.doi.org/10.1185/03007995.2013.833501
https://www.doi.org/10.3748/wjg.v20.i47.17788
https://www.doi.org/10.4178/epih.e2018043
https://www.doi.org/10.1155/2015/582048
https://www.doi.org/10.1155/2015/582048
https://www.doi.org/10.1016/j.clinre.2017.09.006
https://www.doi.org/10.4103/kleuhsj.kleuhsj_3_18
https://www.doi.org/10.4103/kleuhsj.kleuhsj_3_18
https://www.doi.org/10.3390/nu11051073
https://www.doi.org/10.5009/gnl17177
https://www.doi.org/10.5009/gnl17177

658

106.

107.

108.

109.

110.

1.

112.

113.

114.

115.

116.

7.

118.

119.

120.

121.

122.

123.

Gulzar N, Mugaddas Saleem |, Rafiq S, Nadeem M. Therapeutic
potential of probiotics and prebiotics. In: Mahmoudi R, ed. Oral
Health by Using Probiotic Products. London, UK: IntechOpen; 2019.
doi:10.5772/intechopen.86762

Chua KJ, Kwok WC, Aggarwal N, Sun T, Chang MW. Designer pro-
biotics for the prevention and treatment of human diseases.
Curr Opin Chem Biol. 2017;40:8-16. doi:10.1016/j.cbpa.2017.04.011
Song HY, Zhou L, Liu DY, Yao XJ, Li Y. What roles do probiotics play in
the eradication of Helicobacter pylori? Current knowledge and ongo-
ing research. Gastroenterol Res Pract. 2018;2018:9379480. doi:10.1155
/2018/9379480

Lerner A, Shoenfeld Y, Matthias T. Probiotics: If it does not help it does
not do any harm. Really? Microorganisms. 2019;7(4):104. doi:10.3390
/microorganisms7040104

LiuY, Alookaran JJ, Rhoads JM. Probiotics in autoimmune and inflam-
matory disorders. Nutrients. 2018;10(10):1537. doi:10.3390/nu10101537
Zamani B, Golkar HR, Farshbaf S, et al. Clinical and metabolic response
to probiotic supplementation in patients with rheumatoid arthritis:
Arandomized, double-blind, placebo-controlled trial. Int JRheum Dis.
2016;19(9):869-879. d0oi:10.1111/1756-185X.12888

Rabiee MR, BabajafariS. Probiotics and diabetes: A review. IntJ Nutr Sci.
2018;3(2):73-81. https://ijns.sums.ac.ir/article_43446_022a3ce2
€69605647a3978be42055b55.pdf.

Mishra SP, Wang S, Nagpal R, et al. Probiotics and prebiotics for
the amelioration of type 1 diabetes: Present and future perspectives.
Microorganisms. 2019;7(3):67. doi:10.3390/microorganisms7030067
Kobyliak N, Falalyeyeva T, Mykhalchyshyn G, Kyriienko D, Komissarenko .
Effect of alive probiotic on insulin resistance in type 2 diabetes
patients: Randomized clinical trial. Diabetes Metab Syndr. 2018;12(5):
617-624. d0i:10.1016/j.dsx.2018.04.015

Sun Z, Sun X, Li J, et al. Using probiotics for type 2 diabetes melli-
tus intervention: Advances, questions, and potential. Crit Rev Food
Sci Nutr. 2020;60(4):670-683. doi:10.1080/10408398.2018.1547268
Belizario JE, Faintuch J, Garay-Malpartida M. Gut microbiome dys-
biosis and immunometabolism: New frontiers for treatment of met-
abolic diseases. Mediators Inflamm. 2018;2018:2037838. d0i:10.1155
/2018/2037838

Kang Y, Cai Y. The development of probiotics therapy to obesity:
A therapy that has gained considerable momentum. Hormones
(Athens). 2018;17(2):141-151. d0i:10.1007/s42000-018-0003-y
XieY,Zhou G, Xu Y, et al. Effects of diet based on IgG elimination com-
bined with probiotics on migraine plus irritable bowel syndrome.
Pain Res Manag. 2019;2019:7890461. doi:10.1155/2019/7890461
Rosenfeld CS. Microbiome disturbances and autism spectrum dis-
orders. Drug Metab Dispos. 2015;43(10):1557-1571. doi:10.1124/dmd.
115.063826

Shaaban SY, El Gendy YG, Mehanna NS, et al. The role of probiot-
icsin children with autism spectrum disorder: A prospective, open-
label study. Nutr Neurosci. 2018;21(9):676-681. doi:10.1080/1028415X.
20171347746

El Khatib R, Karam-Sarkis D, Waligora-Dupriet AJ, Butel MJ. Could
gut modulation through probiotic supplementation be beneficial
in autism spectrum disorder? In: Franco-Robles E, Ramirez-Emiliano J,
eds. Prebiotics and Probiotics - Potential Benefits in Nutrition and Health.
London, UK: IntechOpen; 2020. doi:10.5772/intechopen.89375
Samtiya M, Puniya AK, Puniya M, Shah NP, Dhewa T, Vemuri R. Pro-
biotic regulation to modulate aging gut and brain health: A concise
review. Bacteria. 2022;1(4):250-265. doi:10.3390/bacteria1040019
Kiousi DE, Kouroutzidou AZ, Neanidis K, Matthaios D, Pappa A,
Galanis A. Evaluating the role of probiotics in the prevention and
management of age-related diseases. IntJ Mol Sci. 2022;23(7):3628.
doi:10.3390/ijms23073628

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

X. Qiao, H. Zhang, L. Shan. Gut Health: Probiotics and quality of life

Prasastha Ram V, Yasur J, Abishad P, et al. Antimicrobial efficacy
of green synthesized nanosilver with entrapped cinnamaldehyde
against multi-drug-resistant enteroaggregative Escherichia coli
in Galleria mellonella. Pharmaceutics. 2022;14(9):1924. doi:10.3390/
pharmaceutics14091924

Ruiz L, Flérez AB, Sdnchez B, et al. Bifidobacterium longum subsp.
infantis CECT7210 (B. infantis IM-1®) displays in vitro activity against
some intestinal pathogens. Nutrients. 2020;12(11):3259. d0i:10.3390/
nu12113259

Cizeikiene D, Jagelaviciute J. Investigation of antibacterial activ-
ity and probiotic properties of strains belonging to Lactobacillus
and Bifidobacterium genera for their potential application in func-
tional food and feed products. Probiotics Antimicrob Proteins. 2021;
13(5):1387-1403. d0i:10.1007/512602-021-09777-5

WeiY, Yang F, Wu Q, et al. Protective effects of bifidobacterial strains
against toxigenic Clostridium difficile. Front Microbiol. 2018;9:888.
doi:10.3389/fmicb.2018.00888

Ghadimi D, Nielsen A, Hassan MFY, et al. Modulation of proinflam-
matory bacteria- and lipid-coupled intracellular signaling pathways
in a transwell triple co-culture model by commensal Bifidobacte-
rium animalis R101-8. Antiinflamm Antiallergy Agents Med Chem.
2021;20(2):161-181. d0i:10.2174/1871523019999201029115618
Duque ALRF, Demarqui FM, Santoni MM, et al. Effect of probiotic,
prebiotic, and synbiotic on the gut microbiota of autistic chil-
dren using an in vitro gut microbiome model. Food Res Int. 2021;
149:110657. doi:10.1016/j.foodres.2021.110657

Marzorati M, Van den Abbeele P, Bubeck S, Bayne T, Krishnan K,
Young A. Treatment with a spore-based probiotic containing five
strains of Bacillus induced changes in the metabolic activity and
community composition of the gut microbiota in a SHIME® model
of the human gastrointestinal system. Food Res Int. 2021;149:110676.
doi:10.1016/j.foodres.2021.110676

Anjum M, Laitila A, Ouwehand AC, Forssten SD. Current perspectives
on gastrointestinal models to assess probiotic-pathogen interac-
tions. Front Microbiol. 2022;13:831455. doi:10.3389/fmicb.2022.831455
Chen YH, Tsai WH, Wu HY, et al. Probiotic Lactobacillus spp. act against
Helicobacter pylori-induced inflammation. J Clin Med. 2019;8(1):90.
doi:10.3390/jcm8010090

Scalfaro C, lacobino A, Nardis C, Franciosa G. Galleria mellonella
as an in vivo model for assessing the protective activity of probiot-
ics against gastrointestinal bacterial pathogens. FEMS Microbiol Lett.
2017;364(7):[no pages given]. doi:10.1093/femsle/fnx064

Zhao Z, Xu S, Zhang W, Wu D, Yang G. Probiotic Escherichia coli NISSLE
1917 for inflammatory bowel disease applications. Food Funct.
2022;13(11):5914-5924. doi:10.1039/d2fo00226d

Dronkers TMG, Ouwehand AC, Rijkers GT. Global analysis of clinical
trials with probiotics. Heliyon. 2020;6(7):e04467. doi:10.1016/j.heli-
yon.2020.e04467

Bernardi S, Del Bo’ C, Marino M, et al. Polyphenols and intestinal
permeability: Rationale and future perspectives. JAgric Food Chem.
2020;68(7):1816-1829. doi:10.1021/acs.jafc.9b02283

Mitra S, Emran TB, Chandran D, et al. Cruciferous vegetables as a trea-
sure of functional foods bioactive compounds: Targeting p53
family in gastrointestinal tract and associated cancers. Front Nutr.
2022;9:951935. doi:10.3389/fnut.2022.951935

Yusuf F, Fahriani M, Mamada SS, et al. Global prevalence of pro-
longed gastrointestinal symptoms in COVID-19 survivors and poten-
tial pathogenesis: A systematic review and meta-analysis. F1000Res.
2021;10:301. doi:10.12688/f1000research.52216.1


https://www.doi.org/10.5772/intechopen.86762
https://www.doi.org/10.1016/j.cbpa.2017.04.011
https://www.doi.org/10.1155/2018/9379480
https://www.doi.org/10.1155/2018/9379480
https://www.doi.org/10.3390/microorganisms7040104
https://www.doi.org/10.3390/microorganisms7040104
https://www.doi.org/10.3390/nu10101537
https://www.doi.org/10.1111/1756-185X.12888
https://ijns.sums.ac.ir/article_43446_022a3ce2e69605647a3978be42055b55.pdf
https://ijns.sums.ac.ir/article_43446_022a3ce2e69605647a3978be42055b55.pdf
https://www.doi.org/10.3390/microorganisms7030067
https://www.doi.org/10.1016/j.dsx.2018.04.015
https://www.doi.org/10.1080/10408398.2018.1547268
https://www.doi.org/10.1155/2018/2037838
https://www.doi.org/10.1155/2018/2037838
https://www.doi.org/10.1007/s42000-018-0003-y
https://www.doi.org/10.1155/2019/7890461
https://www.doi.org/10.1124/dmd.115.063826
https://www.doi.org/10.1124/dmd.115.063826
https://www.doi.org/10.1080/1028415X.2017.1347746
https://www.doi.org/10.1080/1028415X.2017.1347746
https://www.doi.org/10.5772/intechopen.89375
https://www.doi.org/10.3390/bacteria1040019
https://www.doi.org/10.3390/ijms23073628
https://www.doi.org/10.3390/pharmaceutics14091924
https://www.doi.org/10.3390/pharmaceutics14091924
https://www.doi.org/10.3390/nu12113259
https://www.doi.org/10.3390/nu12113259
https://www.doi.org/10.1007/s12602-021-09777-5
https://www.doi.org/10.3389/fmicb.2018.00888
https://www.doi.org/10.2174/1871523019999201029115618
https://www.doi.org/10.1016/j.foodres.2021.110657
https://www.doi.org/10.1016/j.foodres.2021.110676
https://www.doi.org/10.3389/fmicb.2022.831455
https://www.doi.org/10.3390/jcm8010090
https://www.doi.org/10.1093/femsle/fnx064
https://www.doi.org/10.1039/d2fo00226d
https://www.doi.org/10.1016/j.heliyon.2020.e04467
https://www.doi.org/10.1016/j.heliyon.2020.e04467
https://www.doi.org/10.1021/acs.jafc.9b02283
https://www.doi.org/10.3389/fnut.2022.951935
https://www.doi.org/10.12688/f1000research.52216.1

	Probiotic interventions and quality of life in patients with gastrointestinal diseases: A comprehens

